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Cytosolic monothiol glutaredoxins (GRXs) are required in iron-sulfur (Fe-S) cluster delivery and iron sensing in yeast and
mammals. In plants, it is unclear whether they have similar functions. Arabidopsis (Arabidopsis thaliana) has a sole class II
cytosolic monothiol GRX encoded by GRXS17. Here, we used tandem afﬁnity puriﬁcation to establish that Arabidopsis GRXS17
associates with most known cytosolic Fe-S assembly (CIA) components. Similar to mutant plants with defective CIA
components, grxs17 loss-of-function mutants showed some degree of hypersensitivity to DNA damage and elevated
expression of DNA damage marker genes. We also found that several putative Fe-S client proteins directly bind to GRXS17,
such as XANTHINE DEHYDROGENASE1 (XDH1), involved in the purine salvage pathway, and CYTOSOLIC THIOURIDYLASE
SUBUNIT1 and CYTOSOLIC THIOURIDYLASE SUBUNIT2, both essential for the 2-thiolation step of 5-methoxycarbonylmethyl-2-
thiouridine (mcm5s2U) modiﬁcation of tRNAs. Correspondingly, proﬁling of the grxs17-1mutant pointed to a perturbed ﬂux through
the purine degradation pathway and revealed that it phenocopied mutants in the elongator subunit ELO3, essential for the mcm5
tRNA modiﬁcation step, although we did not ﬁnd XDH1 activity or tRNA thiolation to be markedly reduced in the grxs17-1mutant.
Taken together, our data suggest that plant cytosolic monothiol GRXs associate with the CIA complex, as in other eukaryotes, and
contribute to, but are not essential for, the correct functioning of client Fe-S proteins in unchallenged conditions.
A large fraction of plant intracellular iron is incor-
porated in iron-sulfur (Fe-S) prosthetic groups, which
are well suited for electron transfer reactions and are
often essential for the catalytic function of several en-
zymes (Balk and Schaedler, 2014). There are three
pathways for the assembly of Fe-S clusters in plants: a
mitochondrial, a plastidial, and a cytosolic pathway.
The cytosolic Fe-S assembly (CIA) pathway is involved
in the maturation of [2Fe-2S] clusters into [4Fe-4S]
clusters and is capable of providing [4Fe-4S] clusters
to cytosolic and nuclear proteins. Because of the ab-
sence of a cytosolic Cys desulfurase, the CIA pathway
depends on the integrity of the mitochondrial Fe-S
cluster machinery and a functional ABC transporter of
the mitochondria (Kispal et al., 1999; Gerber et al.,
2004). The three pathways share a commonmechanism
in which the Fe-S is preassembled on a scaffold protein
and then transferred to apoproteins by carriers or
targeting factors (Fig. 1A; Couturier et al., 2013; Balk
and Schaedler, 2014).
Glutaredoxins (GRXs) together with thioredoxins
(TRXs) are thiol oxidoreductases that are able to control
the redox state of proteins and are present in most or-
ganisms (Herrero and de la Torre-Ruiz, 2007). The yeast
GRX proteins Grx3/4 and the mammalian ortholog
GRX3/PKC-interacting cousin of TRX (PICOT) have
been associated with the CIA pathway and contain
themselves [2Fe-2S] clusters (Picciocchi et al., 2007;
Haunhorst et al., 2010). Deletion ofGrx3/4 in yeast leads
to defects in cytosolic andmitochondrial Fe-S assembly,
deregulation of iron homeostasis, and defects in pro-
teins containing di-iron centers (Mühlenhoff et al.,
2010). Yeast Grx3/4 and human GRX3 belong to the
PICOT protein family and contain one N-terminal
TRX and one (Grx3/4) or two (GRX3) C-terminal GRX
domains, also known as PICOT homology domains
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(Haunhorst et al., 2010). Because they contain only a
single Cys residue in their GRX active sites, they are
classiﬁed as monothiol GRXs. They are conserved and
present in a broad range of organisms, including bac-
teria, yeasts, plants, and mammals (Isakov et al., 2000).
Whereas there are other monothiol GRXs present
in mitochondria, Grx3/4 and GRX3 are the only
nucleocytosolic-localized monothiol GRXs (Herrero
and de la Torre-Ruiz, 2007).
The sole class II Arabidopsis (Arabidopsis thaliana)
nucleocytosolic monothiol GRX is GRXS17, which
contains one N-terminal TRX and three C-terminal
GRX domains. GRXS17 dimers are capable of associ-
ating with three [2Fe-2S] clusters in vitro (Knuesting
et al., 2015). Its physiological and molecular role in
plants is not well understood (Couturier et al., 2013).
GRXS17 function has been associated with protection
against oxidative stress in Arabidopsis and thermotol-
erance in Arabidopsis and tomato (Cheng et al., 2011;
Wu et al., 2012; Knuesting et al., 2015). Arabidopsis
GRXS17 loss-of-function plants (grxs17) are hypersen-
sitive to heat stress and show alterations in auxin
sensitivity and polar transport (Cheng et al., 2011).
The molecular function of an association of cytosolic
monothiol GRX with Fe-S clusters and the CIA
pathway has been a subject of debate, and a role in Fe,
Fe-S, or oxidative signaling has been proposed, in
addition to a role in delivery or repair of Fe-S clusters
(Couturier et al., 2015). Recently, delivery of an Fe-S
cluster by human GRX3 to the CIA pathway com-
ponent DRE2/Anamorsin has been demonstrated
(Banci et al., 2015).
Cytosolic tRNAs in eukaryotes carry several chemi-
cal modiﬁcations, often at the anticodon loop. Uridines
at the ﬁrst position of the anticodon (U34) of tRNAs
tK(UUU), tE(UUC), and tQ(UUG) are modiﬁed to
5-methoxycarbonylmethyl-2-thiouridine (mcm5s2U) in
eukaryotes. Furthermore, this evolutionarily conserved
modiﬁcation (Mehlgarten et al., 2010) is essential for
unperturbed translation and cellular signaling (Zinshteyn
and Gilbert, 2013; Scheidt et al., 2014; Nedialkova and
Leidel, 2015). The 2-thiolation (s2) step of mcm5s2U is
catalyzed by the UBIQUITIN-RELATED MODIFIER
(URM1) pathway and requires the CIA complex in yeast
(Nakai et al., 2007; Leidel et al., 2009). The mcm5 modi-
ﬁcation is catalyzed by the elongator (ELP) pathway and
requires the Elp3/ELO3 catalytic subunit, i.e. a [4Fe-4S]
protein (Huang et al., 2005; Paraskevopoulou et al., 2006;
Selvadurai et al., 2014), together with the Trm9/Trm112
complex, which is a tRNA methyltransferase necessary
for the last step of mcm5 formation (Kalhor and Clarke,
2003; Chen et al., 2011; Leihne et al., 2011). The presence
of the mcm5 chain is necessary for an effective thiolation
of tRNAs (Leidel et al., 2009; Chen et al., 2011). Although
in vivo data are scarce, tRNAmodiﬁcationsmight have a
regulatory function, because certain open reading frames
(ORFs) are enriched in codons recognized by modiﬁed
tRNAs. In yeast, genes involved in the DNA-damage
response are enriched in GAA, AAA, and CAA codons
and elongator mutants defective in mcm5s2 modiﬁcation
are hypersensitive to DNA stress (Chen et al., 2011).
Here, we found the Arabidopsis glutaredoxin
GRXS17 to associate with members of the CIA pathway
machinery and with several putative Fe-S client pro-
teins, such as XANTHINEDEHYDROGENASE1 (XDH1)
and the URM1 pathway components CYTOSOLIC
THIOURIDYLASE SUBUNIT1 (CTU1) and CTU2.
Accordingly, mutants lacking GRXS17 showed simi-
lar phenotypes, at molecular, cellular, and/or physi-
ological levels, as mutants in genes encoding CIA
components or proteins involved in mcm5s2 tRNA
modiﬁcation. Our results endorse the association of
cytosolic monothiol GRXs with the CIA complex, Fe-S
cluster metabolism, and tRNA modiﬁcation in plants.
RESULTS
GRXS17 Associates with the CIA Complex and
Fe-S Proteins
To characterize the role of Arabidopsis GRXS17 and
uncover potential links with Fe-S cluster assembly or
delivery to proteins, we used tandem afﬁnity puriﬁca-
tion (TAP; Van Leene et al., 2015). GRXS17 was fused
both to an N-terminal and a C-terminal TAP-tag and
expressed both in Arabidopsis cell cultures and seed-
lings under the control of the cauliﬂower mosaic virus
(CaMV) 35S promoter. Copuriﬁed proteins included
nearly all known core components of the CIA pathway,
two known Fe-S proteins, i.e. XDH1 and BolA2, and a
number of proteins implicated in tRNA metabolism
(Table I; Supplemental Dataset S1). Notably, we iden-
tiﬁed more GRXS17-interacting proteins when using the
C-terminal TAP-tag than when using the N-terminal
TAP-tag, suggesting that the position of the tag affects
protein folding or that different domains of GRXS17
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Figure 1. Loss-of-function grxs17 plants display some degree of hypersensitivity to DNA damage. A, Hypothetical model of the
CIA pathway and GRXS17 function. GRXS17 contains an N-terminal TRX domain and three GRX domains by which it interacts
with three [2Fe-2S] clusters as a homodimer. GRXS17 also forms a complexwith DRE2 that can bind two [2Fe-2S] clusters with its
CYTOKINE INDUCED APOPTOSIS INHIBITOR1 (CIAPIN1) domain. GRXS17 can transfer a [2Fe-2S] cluster directly to DRE2
(1.a) or to a client apoprotein (1.b). DRE2 functions at the start of the CIA pathway inwhich a [2Fe-2S]matures to a [4Fe-4S] cluster
(2) that can be delivered to client apoproteins. Full and dashed boxes indicate components that copurified or not with GRXS17 by
TAP, respectively. B, GRXS17 directly interacts with DRE2. The PJ69-4A yeast strain was cotransformed with GRXS17 in
pGBKT7gate and DRE2 in pGADT7gate. The 103 and 1003 dilutions of transformed yeasts were dropped on selective medium
lacking His. The empty pGADT7gate vector was used as control. One representative from three independent drops is shown. C,
Coexpression network of up-regulated genes in grxs17-1. Nodes are genes that are significantly 2-fold up-regulated in grxs17
seedlings; edges represent coexpression in ATTED-II (http://atted.jp/). Green nodes are also significantly and more than 2-fold
induced upon genotoxic stress (bleomycin + mitomycin for 12 and 24 h). Hexagon nodes indicate putative transcription factors.
D, Relative expression of the DNA-damage marker PARP2 in 14-d-old Col-0, grxs17-1, and grxs17-2 seedlings. Bars represent
means 6 SE of n = 3 (*P , 0.05, Student’s t test). E, Hypersensitivity of grxs17-1, grxs17-2, met18-1, and met18-2 to the DNA-
damage agent MMS. Seedlings were grown for 17 d on 0.01% v/v MMS or in control conditions (mock).
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interact with proteins related to different functions. It has
recently been suggested that the humanGRXS17 ortholog
GRX3 establishes protein-protein interactions with its
N-terminal TRX domain and that this interaction favors
the correct orientation of the Fe-S cluster binding domains
(GRX donors) to transfer the cluster to an acceptor protein
(Banci et al., 2015).
The CIA pathway is responsible for providing Fe-S
clusters to respective apoproteins in the cytosol and
the nucleus (Bernard et al., 2013). In the current model,
electrons provided by NADPH oxidation are trans-
ferred by Top1T722A MUTANT HYPERSENSITIVE
and DEREPRESSED FOR RIBOSOMAL PROTEIN
S14 EXPRESSION (DRE2) to the scaffold protein
NUCLEOTIDE BINDING PROTEIN35. Once the [4Fe-4S]
clusters have been assembled on the NUCLEOTIDE
BINDING PROTEIN35 scaffold, they are transferred
to target apoproteins by dedicated proteins forming the
CIA targeting complex (Fig. 1A). In Arabidopsis, this
complex is composed of NUCLEAR ARCHITECTURE
RELATED1 (NAR1), CIA1, AS1/2 ENHANCER7
(AE7/CIA2), and METHIONINE REQUIRING18/
METHYL METHANESULFONATE19 (MET18/MMS19)
and locates to both the cytosol and the nucleus (Luo et al.,
2012). Grx3, the yeast GRXS17 ortholog, has been dem-
onstrated to interact with DRE2 in yeast (Zhang et al.,
2011), and recently, it has been shown that the human
GRX3 is able to transfer [2Fe-2S] clusters to anamorsin, the
human DRE2 ortholog (Banci et al., 2015). We thus hy-
pothesized that GRXS17 might similarly directly interact
withDRE2 inArabidopsis,whichwas conﬁrmed by yeast
two-hybrid analysis (Y2H; Fig. 1B). We conﬁrmed this
interaction in planta by bimolecular ﬂuorescent comple-
mentation (BiFC). Proteins were fused with N-terminal
or C-terminal fragments of GFP (designated nGFP and
cGFP, respectively) and coexpressed transiently in leaves
of Nicotiana benthamiana (Supplemental Fig. S1A). A
cytosolic signal was obtained with the combination of
nGFP-GRXS17 and DRE2-cGFP, which corresponded
to the localization of GFP-DRE2 (Supplemental Fig.
S1C). Thus, we concluded that Arabidopsis GRXS17
associates with the CIA complex as in yeast and humans.
Loss-of-Function grxs17 Plants Show Some Degree of
Hypersensitivity to DNA Damage
To obtain insights into the function of GRXS17, we
proﬁled the transcriptome of grxs17 loss-of-function seed-
lings. A transfer DNA (T-DNA) insertion line (grxs17-1;
SALK_021301) described previously (Supplemental
Fig. S1; Cheng et al., 2011; Knuesting et al., 2015) was
characterized in detail and found to lack both GRXS17
transcripts (Supplemental Fig. S2B) and GRXS17 pro-
tein (Supplemental Fig. S2C). Fourteen-day-old seed-
lingswere grown in vitro and used for RNA sequencing
Table I. GRXS17 associates with the CIA complex and Fe-S proteins in Arabidopsis cells and seedlings
Proteins identified by mass spectrometry, with at least two significant peptides per identification and background subtracted (as described by Van
Leene et al. [2015]). Numbers of independent TAP experiments in which the proteins were copurified with C terminally or N terminally TAP-tagged
GRXS17 as bait in each system are presented. Interactions that were confirmed in yeast (Tarassov et al., 2008; Li et al., 2009; Zhang et al., 2011), in
humans (Rual et al., 2005; Stehling et al., 2012, 2013; Rolland et al., 2014), or in Arabidopsis (this study; Arabidopsis Interactome Mapping, 2011;
Couturier et al., 2014; Duan et al., 2015) are shown in bold. GSrh, GSrhino; Nd, Not determined; *, peptides retrieved cannot discriminate between
CTU1 and CTU1L.
Name No. of Affinity Purifications
Arabidopsis Locus
Orthologs C-GSrh N-GSrh
Total
S. cerevisiae Homo sapiens Cells Seedlings Cells Seedlings
GRXS17 AT4G04950 Grx3/4 GRX3/GRLX3/PICOT 4 2 2 1 9
CIA pathways
MET18 AT5G48120 Met-18/Mms19 MMS19 4 2 2 1 9
DRE2/CIAPIN AT5G18400 Dre2/Ciapin Anamorsin/CIAPIN1 4 2 2 – 8
NAR1 AT4G16440 Nar1 NARFL/IOP1 3 – – – 3
CIA1 AT2G26060 Cia1 CIAO1 2 – – – 2
AE7/CIA2 AT1G68310 Cia2 CIA2B/MIP18 2 – – – 2
Purine catabolism
and salvage
XDH1 AT4G34890 Nd XDH/XOR/XO 3 2 1 – 6
URH1 AT2G36310 Urh1 Nd – 2 – 1 3
URH2 AT1G05620 Urh1 Nd – 2 – 1 3
UREG AT2G34470 Not present Not present – 2 – – 2
tRNA modification
CTU1/ROL5 AT2G44270 Ncs6 CTU1 2* – 1 – 1-3
CTU1L AT1G76170 Ncs6 CTU12* – – 0-2
CTU2 AT4G35910 Ncs2 CTU2 1 – 1 – 2
Leu-tRNA ligase AT1G09620 Cdc60 LARS – 2 – 1 3
Other known
Fe-S protein
BolA2 AT5G09830 Fra2 BOLA2 – 3 – – 3
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(RNA-Seq). One hundred eighty-eight genes were
found to be signiﬁcantly up-regulated, and 209 were
down-regulated (Supplemental Table S1).UsingATTED-II
(http://atted.jp/), we identiﬁed a conserved coexpression
network comprising 25 genes up-regulated in grxs17-1
mutants (Fig. 1C; Supplemental Table S1). Many of the
genes in this network are known to be induced upon
genotoxic stress (Ascencio-Ibáñez et al., 2008). Because
Arabidopsismutant plants compromised in components
of the puriﬁed CIA complex (Table I), namely AE7/
CIA2 (Luo et al., 2012) and MET18/MMS19 (Han et al.,
2015), have been reported to have increased expression
of DNA-damage response genes (Luo et al., 2012; Han
et al., 2015), we analyzed the expression of POLY(ADP-
RIBOSE) POLYMERASE2 (PARP2), a frequently used
marker gene, in the grxs17-1 mutant, as well as in an
antisense line, denominated grxs17-2, that was pre-
viously described (Cheng et al., 2011) and which
we conﬁrmed to lack GRXS17 protein accumulation
(Supplemental Fig. S2C). PARP2 transcript levels were
indeed induced in both mutant alleles (Fig. 1D). There-
fore, we assessed the sensitivity of the grxs17-1 and
grsx17-2 mutant lines to DNA-damage stress. In agree-
ment with the transcriptome data, the grxs17 mutants
were found to display some degree of hypersensitivity
to the DNA-damage agent MMS (Fig. 1E), though not
as marked as the met18 mutants (Fig. 1E; Luo et al.,
2012; Han et al., 2015). Together, these data suggest
that GRXS17 not only forms part of the CIA complex in
Arabidopsis but also may contribute to its function in
the DNA-damage response.
Metabolic Proﬁling of Loss-of-Function grxs17 Plants
Points to a Perturbed Flux through the Purine
Salvage Pathway
Although human and yeast GRXS17 orthologs are
essential for the maturation of cytosolic and nuclear
Fe-S proteins (Mühlenhoff et al., 2010; Haunhorst et al.,
2013), Arabidopsis GRXS17 has recently been shown to
play only aminor role inmaintaining the activity of two
classes of cytosolic Fe-S enzymes (aconitases and alde-
hyde oxidases; Knuesting et al., 2015). Nonetheless,
we identiﬁed another Fe-S enzyme, XDH1, to be as-
sociated with GRXS17 (Table I). XDH1 belongs to the
family of xanthine oxidoreductases (XORs) that cat-
alyze the oxidation of hypoxanthine and xanthine to
uric acid during purine degradation. XDH1 is active
as a homodimer in which each monomer has four cofac-
tors: two [2Fe-2S] prosthetic groups, one FAD molecule,
and one molybdenum cofactor (Moco), bound to the
N-terminal, central, and C-terminal part of the protein,
respectively (Zarepour et al., 2010).
Because XDH1 contains two [2Fe-2S] cofactors that
are required for electron transfer to reduce the sub-
strates xanthine and hypoxanthine (Zarepour et al.,
2010), we investigated the GRXS17-XDH1 interaction in
more detail. Interaction between XDH1 and GRXS17
was conﬁrmed in a Y2H assay (Fig. 2A) and by BiFC,
showing a cytosolic localization (Supplemental Fig. S1,
B and C). To examine the physiological relevance of this
interaction, we measured XDH activity in grx17-1 and
grxs17-2 seedlings (Fig. 2B) but found no statistically
signiﬁcant difference in XDH activity compared with
wild-type seedlings (Fig. 2B). Hence, similar to what was
previously found for the enzymes cytosolic aconitase and
aldehyde oxidase (Knuesting et al., 2015), our ﬁndings
indicate that GRXS17 is not essential for XDH1 enzyme
activity in plants.
In addition to XDH1, three additional proteins re-
quired for purine degradation were identiﬁed in com-
plex with GRXS17: URIDINE RIBOHYDROLASE1 and
Figure 2. GRXS17 may contribute to the functioning of the purine
salvage pathway. A, GRXS17 directly interacts with XDH1. The PJ69-4A
yeast strain was cotransformedwithGRXS17 in pGBKT7gate and XDH1
in pGADT7gate. The 103 and 1003 dilutions of transformed yeasts
were dropped on selective medium lacking His. The empty pGADT7-
gate vector was used as control. One representative from three inde-
pendent drops is shown. B, XDH1 activity measurements. One hundred
micrograms of total protein extract obtained from the indicated plant
lines was loaded in each lane (three biological repeats) of a native PAGE
and subsequently stained using hypoxanthine as a substrate. C, Purine
salvage pathway. Enzymes copurified with GRXS17 in the TAP analysis
are encircled. Numbers are averaged relative abundances from five
independent samples (grxs17-1/Col-0) of uric acid precursors and ure-
ides mapped on the purine salvage pathway (*P , 0.05; **P , 0.01,
Student’s t test; colors: red, decreased; green, increased). The experi-
ments were repeated twice with similar results. WT, Wild type.
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2 (URH1/2) and the urease accessory protein UreG
(Table I). URH1 and URH2 are nucleoside ribohy-
drolases with inosine and xanthosine hydrolytic activ-
ity, leading to hypoxanthine and xanthine generation
(Riegler et al., 2011). Urease catalyzes the hydrolysis of
urea to ammonia and carbon dioxide, which are the
ﬁnal products of purine degradation. In Arabidopsis,
urease activation is mediated by the accessory proteins
UreD, UreF, and UreG (Witte et al., 2005). To evaluate
the impact of loss-of-function of GRXS17 on purine
metabolism,wemeasured the accumulation of uric acid
precursors (hypoxanthine, xanthine, and xanthosine)
and of ureides (uric acid, allantoin, allantoic acid, and
urea) in wild-type and grxs17 seedlings (Fig. 2C;
Supplemental Fig. S3). Although the effects were
modest, our results are in agreement with the function
of XDH1 in the purine salvage pathway and point to a
perturbed ﬂux through this pathway in the GRXS17
loss-of-function plants with enhanced accumulation of
hypoxanthine, xanthine, and xanthosine and reduced
accumulation of allantoic acid and urea. Together, these
results suggest that association of GRXS17 with purine
metabolism enzymes may be functionally relevant and
may contribute to the purine salvage pathway.
GRXS17 Interacts with tRNA Thiolation Proteins
The TAP of GRXS17 protein complexes revealed in-
teractions with several proteins that are linked to tRNA
metabolism (Table I). For instance, we foundGRXS17 to
associate with the Arabidopsis orthologs of CTU1 and
CTU2 required for 2-thiolation of U34 of the three cy-
tosolic tRNA species tK(UUU), tE(UUC), and tQ(UUG).
These tRNAs carry an mcm5s2U34 modiﬁcation, which
is conserved throughout archae and eukaryotes (Fig.
3A; Leidel et al., 2009; Philipp et al., 2014). Although
only the protein encoded by AT2G44270 was described
as the Arabidopsis CTU1 ortholog (Leiber et al., 2010),
several peptides copuriﬁed with GRXS17 could not be
distinguished from the product of locus AT1G76170
with 93% sequence similarity to CTU1 (Table I) andwas
named CTU1-like (CTU1L). To verify the interaction
between GRXS17 and CTU1 and CTU2, we performed
Y2H and BiFC assays. Y2H indicated only a very weak
interaction for both CTU1 and CTU2 (Fig. 3B). Through
BiFC, we could conﬁrm a cytosolic-localized GRXS17-
CTU2 interaction (Fig. 3C; Supplemental Fig. S4), thus
supporting the TAP results and conﬁrming that GRXS17
interacts directly with CTU2. Interaction between
GRXS17 and CTU1 could not be detected in BiFC, which
may either be a false negative result or an indication of
indirect interaction, for instance via heterodimerization
with CTU2.
To further investigate the link between GRXS17 and
CTUs, we tested if GRXS17 was required for tRNA
thiolation in Arabidopsis. Thiolated tRNAs were visu-
alized using their retardation in PAGE in the presence
of [(N-acryloylamino)phenyl]mercuric chloride (APM),
a compound that interacts with 2-thiouridine (Igloi,
1988). As reported previously, ctu1 and ctu2 T-DNA
insertion lines did not contain thiolated tRNA (Fig. 3C;
Leiber et al., 2010; Philipp et al., 2014). In contrast, in
grxs17-1 plants, levels of thiolated total tRNA were
similar to wild type (Fig. 3C). Thus, GRXS17 interacts
with CTU subunits but is not essential for their tRNA
anticodon thiolation function in Arabidopsis.
GRXS17 and Elongator Functions Are Related
in Arabidopsis
Whereas CTU1 and CTU2 are essential for 2-thiolation
of mcm5-modiﬁed tRNA anticodons, the ncm5U34
modiﬁcation itself is dependent on elongator (Fig. 3A;
Huang et al., 2005; Selvadurai et al., 2014), a complex
that is structurally and functionally conserved between
Saccharomyces cerevisiae and Arabidopsis (Mehlgarten
et al., 2010). ELO3, the Arabidopsis ortholog of yeast
elongator subunit Elp3, contains histone acetyltransferase
and radical sterile alpha motif domains, which were re-
cently shown to be catalytically critical for the tRNA
modiﬁcation function of archaeal Elp3 (Selvadurai et al.,
2014).
grxs17-1 and grxs17-2 mutant plants exhibit an elon-
gated leaf phenotype with larger leaf length/width
ratio as compared towild type (Supplemental Fig. S5, A
and B), which is typical of elongator mutants (Nelissen
et al., 2005). Therefore, we investigated the possibility
of a link between GRXS17 and elongator. First, we
studied the root and leaf phenotypes of grxs17-1,
grxs17-2, and elo3-6 in the Columbia-0 (Col-0) back-
ground. The elo3-6 and the two grxs17 mutant alleles
had a reduced primary root growth (Fig. 4A), which
was correlated with a reduced number of cortex cells in
the root apical meristem (Fig. 4B), suggesting a faster
transition to differentiation. Second, we measured the
total leaf area in elo3-6 and the two grxs17mutant alleles
relative to wild-type plants. Notably, all three mutants
had a similar growth proﬁle: (1) larger juvenile leaves 1,
2, and 3, which are fully expanded at 24 d after ger-
mination (DAG); (2) a larger leaf 4, which is the tran-
sition to adult stage; and (3) smaller adult leaves 6, 7,
and 8 because of a delay in growth in the mutants
(Supplemental Fig. S5A). This is also reﬂected in the
absence of leaf 8 and cauline leaves at the 24 DAG time
point in some of the mutant genotypes (Fig. 4C). We
examined the cellular basis of the changes in the fully
developed leaf 3, of which the total cell number and
ﬁnal cell area are representative of cell proliferation and
growth activities during its development. We observed
that the cell area in all mutant lineswas similar to that of
the Col-0 control. However, the calculated number of
cells per leaf was signiﬁcantly higher in the two grxs17
mutant genotypes and in the elo3-6 line as compared to
wild type (Supplemental Fig. S5, C and D), indicating
that the larger leaf 3 area is the result of more cell pro-
liferation in grxs17 and elo3-6 mutant lines.
Next,we comparedourRNA-Seqdataset (Supplemental
Table S1)with previously publishedmicroarray datasets of
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Figure 3. GRXS17 interacts with tRNA thiouridylases. A, Different types of tRNAmodifications present in wobble uridines. Modifications
by elongator, methylation by TRM9/12, and thiolation by CTUs are indicated in blue, pink, and yellow, respectively. R, Ribose. B, GRXS17
directly interacts with CTU1 and CTU2. The PJ69-4Ayeast strain was cotransformed with GRXS17 in pGBKT7gate and CTU1 or CTU2 in
pGADT7gate. The 103and 1003dilutions of transformedyeastswere dropped on selectivemedium lackingHis. The empty pGADT7gate
vector was used as control. One representative from three independent drops is shown. C, GRXS17 interactionwith CTU2 by BiFC. Fusion
proteins with an N-terminal (nGFP) or C-terminal (cGFP) fragment of GFP were transiently coexpressed in N. benthamiana leaves and
analyzedby confocalmicroscopy, 3d after agro-infiltration.Negative controls are shown in Supplemental Figure S4.D, Total RNAextracted
from Col-0, grxs17-1, ctu1, ctu2, or elo3-6was separated using PAGE in the presence or absence of APM. Subsequently, RNA blots were
probed against tQ(UUG), tE(UUC), or control tR(UCU). Quantification of thiolatedmodified tRNAs (right panels). Bars represent means6
SD of three biological independent samples. No statistical significances were detected between Col-0 and grxs17-1.
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Figure 4. grxs17 and elo3-6mutants show similar physiological and molecular defects. A–C, Analysis of root and leaf growth. A,
Primary root length of 11-d-old Col-0, grxs17-1, grxs17-2, and elo3-6 seedlings grown on Murashige and Skoog (n . 21). B,
Number of cortex cells in the root apical meristem of seedlings 5 DAG (n . 34). C, Lamina area of leaf series of 24-d-old plants
germinated in soil (n . 10) Bars represent means 6 SE (*P , 0.05; **P , 0.01; ***P , 0.001, Student’s t test, # comparison
between Col-0 and grxs17-1, * for Col-0 and grxs17-2, and o for Col-0 and elo3-6). D and E, Transcriptome analysis. D, Overlap
between the top 100 genes up-regulated in grxs17-1 for which a probeset is present on the ATH1 microarray and the top
100 probesets significantly up-regulated in elo2-1 and elo3-1. E, qPCR validation of gene expression in grxs17-1, elo3-6, ctu1-2,
and ctu2-2mutants. The expression ratio relative to that in wild-type Col-0 seedlings is plotted (set at 1). Bars representmeans6 SE
of n = 3 (*P , 0.05; **P , 0.01; ***P , 0.001, Student’s t test). F, Hypersensitivity of ctu1, ctu2, and elo3-6 to MMS. Seedlings
were grown for 17 d on 0.01% v/v MMS or under control conditions (mock). G, Hypersensitivity of grxs17-1 mutants to the
necrotrophic pathogen B. cinerea. Lesion diameter in grxs17-1 and Col-0 plants infected with B. cinerea, 2 and 3 d postinoc-
ulation. Bars represent means 6 SE with n = 32 (*P , 0.05, Student’s t test).
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the elongator mutants elo2-1 and elo3-1 (Nelissen et al.,
2005). Although the latter dataset was performed on mu-
tants in the Landsberg erecta ecotype and with a different
experimental setup, we observed a large overlap between
the top100genes induced in grxs17-1, elo2-1, and elo3-1 (Fig.
4D). The overlap comprised the DNA-damage network
indicated above (Fig. 1C). Indeed, loss of ELO3 has been
reported to lead to a DNA-damage response (Xu et al.,
2012). We assessed this observation further by analyzing
gene expression in the grxs17 and elo3-6mutants and in the
T-DNA insertion lines of CTU1 and CTU2, called ctu1 and
ctu2, all in the Col-0 background (Fig. 4E; Supplemental
Fig. S6). Indeed, all genes tested that were up-regulated in
grxs17mutants were also up-regulated in elo3-6. Similarly,
also in ctu1 and ctu2we observed an upregulation ofmany
grxs17-up-regulated genes, although more modest. In
agreement with these results, ctu1 and ctu2 also showed
somedegree of sensitivity to theDNA-damage agentMMS
(Fig. 4F).
Finally, previous reports indicated that the elongator
subunits ELP2 and ELP3/ELO3 are involved in the
salicylic acid signaling pathway (DeFraia et al., 2010,
2013) and that the elongator complex is required for
Arabidopsis resistance to necrotrophic fungal patho-
gens such as Botrytis cinerea and Alternaria brassicicola
(Wang et al., 2015). Therefore, we tested the suscepti-
bility of the grxs17-1 mutant to B. cinerea. Compared
with wild-type plants, grxs17-1 plants were more sus-
ceptible to B. cinerea infection (Fig. 4G), suggesting that
GRXS17 plays a role in the defense response against
B. cinerea.
Taken together, our data indicate that grxs17 and elo3
mutants have similar phenotypes at the molecular,
cellular, and physiological level, both in growth and in
defense, and thus support a joined, but not necessarily
identical, role in the functioning of particular processes
such as tRNA modiﬁcation.
GRX and Elongator Functions Are Related, Also in Yeast
Given the conservation of the GRX proteins in eu-
karyotes, wewanted to test whether the yeast orthologs
of Arabidopsis GRXS17, i.e. Grx3/4 (Herrero and de la
Torre-Ruiz, 2007), also have similar related functions in
tRNAmodiﬁcation by elongator in S. cerevisiae. Because
grx3 grx4 double mutants are barely viable in S288c
(Wu et al., 2012) and lethal in the background of yeast
strain W303-1A, we used a previously described GRX3
deletion strain of W303 that maintains the GRX4 gene
under the control of a GAL1 promoter, which is re-
pressible by Glc and inducible by Gal (Mühlenhoff
et al., 2010). W303 contains an ochre stop codon (UAA)
mutation in the ADE2 locus (ade2-1ochre), which leads
to premature translation termination and causes ade-
nine auxotrophy (Fig. 5A). This phenotype can be
suppressed by read-through of SUP4, an ochre sup-
pressor tRNATyr carrying a U34 mutation in its anti-
codon (Goodman et al., 1977; Huang et al., 2005;
Jablonowski et al., 2006; Fig. 5A). Because the SUP4
tRNATyr needs an mcm5-modiﬁed U34 to decode the
UAA triplet as Tyr (Huang et al., 2005; Jablonowski
et al., 2006), it cannot suppress the ade2-1ochre reporter
without proper mcm5 formation at U34. SUP4 failed to
promote stop codon read-through of ade2-1ochre and
hence, conferred adenine auxotrophy in the yeast re-
porter strain lackingGRX3 function, even if GRX4was
not repressed (Fig. 5A). This indicates that GRX3 gene
function in yeast is critical for SUP4 function and thus
supports a related role with elongator, as in Arabidopsis.
When we analyzed tRNA thiolation in elo3-6mutant,
we observed, in contrast to grxs17-1, almost no thio-
lated tRNA (Fig. 3D). These results suggest that grxs17-1
presents no strong defect in mcm5 modiﬁcation in
plants based on the absence of a strong thiolation de-
fect. However, in yeast and plants, the GRXs Grx3/4
Figure 5. GRX and elongator function are related in yeast. A, GRX3 is required for SUP4 suppressor tRNA function in yeast. Serial
10-fold cell dilutions of wild-type (WT) yeast strain W303-1A (ade2-1UAA) and its derivative grx3D GALp-GRX4 (Mu¨hlenhoff
et al., 2010) both either lacking or carrying the SUP4 ochre tRNA suppressor were grown on rich (YP) medium containing Gal or
Glc (Glu) to repress or induceGRX4 expression, respectively. In addition, the indicated yeast strains were cultivated on minimal
(SD) medium containing Gal or Glu but lacking Ade to probe for SUP4-mediated adenine prototrophy. B, Same strains as in (A)
and including elp3D were grown in the presence or absence of zymocin. Both experiments were repeated with similar results.
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and GRXS17 may have a potential inﬂuence on elon-
gator tRNA modiﬁcation function, which we have
previously shown to be conserved in and functionally
exchangeable between S. cerevisiae and Arabidopsis
(Mehlgarten et al., 2010). In the light of these ﬁndings, it
is interesting to note that the GRX3 gene was identiﬁed
previously as a high-copy suppressor in yeast of growth
inhibition by zymocin, a fungal tRNase ribotoxin complex
(Jablonowski et al., 2001; Jablonowski and Schaffrath,
2007). Zymocin activity targets elongator-dependent
mcm5s2U34 modiﬁcations in tRNA anticodons (Lu et al.,
2005; Jablonowski et al., 2006) and eventually kills S.
cerevisiae cells. Therefore, loss of tRNA modiﬁcation in
elongator (elp) or tRNAmethyltransferase (trm9) mutants
protects against zymocin,making the tRNase a useful tool
for diagnosing elongator function and, hence, tRNA
modiﬁcation in yeast (Nandakumar et al., 2008) and po-
tentially in Arabidopsis (Mehlgarten et al., 2010; Leitner
et al., 2015). We tested zymocin resistance in a yeast
ELP3 deletion strain and in a GRX3 deletion strain
having the GRX4 gene under control of the GAL1 pro-
moter. As expected, deletion of ELP3 resulted in resis-
tance to zymocin due to loss of mcm5s2U34 modiﬁcation
(Fig. 5B). However, when GRX3/4 were deleted, yeast
cells could not grow in the presence of the toxin. Al-
though these results suggest appropriate tRNA modi-
ﬁcations, our SUP4 assay above (Fig. 5A) together with
previous data showing that high-copy GRX3 confers
zymocin resistance (Jablonowski et al., 2001), may in-
dicate that the absence of GRX3/4 function differen-
tially affects mcm5 or mcm5s2 modiﬁcations at U34, an
option that has to await further elucidation.
DISCUSSION
Cytosolic monothiol GRXs are required in Fe-S cluster
delivery in yeast and mammals. In plants, it remained
unclear whether they have similar functions. Here, we
used interactome analysis and in-depth functional char-
acterization of a loss-of-function mutant to establish that
that the sole class II cytosolic monothiol GRX from Ara-
bidopsis associates with CIA components and Fe-S client
proteins and contributes to their functioning.
Proﬁling of Loss-of-Function grxs17 Plants Points to an
Elevated DNA-Damage Response
The function of many CIA components in yeast,
mammals, and Arabidopsis has been associated with
genomic stability, DNA repair, and metabolism, be-
causemany proteins necessary for DNA replication and
repair are known to contain Fe-S clusters. In yeast and
humans, Met-18/MMS19 has been shown to associate
not only with several other CIA components, but also
with Fe-S target proteins involved in DNA metabolism
and to mediate the maturation of certain Fe-S proteins
involved in DNA repair and replication (DNA heli-
cases, polymerases, nucleases or glycosylases; Gari
et al., 2012; Stehling et al., 2012; van Wietmarschen
et al., 2012). The human MMS19 has been shown to be
necessary for the maturation of only certain Fe-S pro-
teins, mostly involved in DNA metabolism, but not for
the activity of cytosolic aconitase iron regulated pro-
tein1 (IRP1) or Gln phosphoribosylpyrophosphate
amidotransferase (Stehling et al., 2012). Human GRX3
is able to bind, in addition to [2Fe-2S] clusters, [4Fe-4S]
clusters in vitro, which is necessary for the maturation
of apo-IRP1 into aconitase (Xia et al., 2015), thus sug-
gesting that GRX3/GRXS17, and not MMS19/MET18,
is involved in the transfer of [4Fe-4S] clusters necessary
for IRP1 maturation. This hypothesis is in accordance
with the decrease in cytosolic aconitase activity ob-
served in the Arabidopsis grxs17-1 mutant (Knuesting
et al., 2015).
In Arabidopsis, MET18 also interacts with DNA
polymerases and facilitates the maturation of Fe-S
clusters on DNA polymerases in the cytosol (Han et al.,
2015). Another MET18-interacting protein is the DNA
demethylase ROS1, an Fe-S client protein that requires
the Fe-S cluster for its activity, linking the CIA pathway
with epigenetic modiﬁcations (Duan et al., 2015). Ac-
cordingly, an elevated DNA-damage response was
found in Arabidopsis mutants deﬁcient in CIA complex
components, such as ae-7 and met18 (Luo et al., 2012;
Han et al., 2015), or in Fe-S cluster containing proteins,
such as elo3 (Xu et al., 2012).
In our study, we discovered a network (or regulon)
that comprises genes involved in the genotoxic (DNA-
damage) stress response to be up-regulated in the
grxs17-1 mutant. Accordingly, we found that grxs17
plants present some degree of hypersensitivity to the
DNA-alkylating agent MMS. A similar response has
previously been reported for the ae-7, met18, and elo3-6
mutants (Luo et al., 2012; Xu et al., 2012; Han et al.,
2015). Given that most enzymes implicated in DNA
replication and DNA repair contain Fe-S clusters, our
data suggest that GRXS17 and its association with the
CIA complex may be necessary for their correct func-
tioning and thus in genome integrity maintenance in
plants.
GRXS17 Associates with Fe-S Client Proteins
Among the GRXS17-associated proteins that we
identiﬁed by TAP were CTU1 and CTU2, two proteins
essential for the thiolation of uridine at the wobble
position of cytosolic tRNA in eukaryotes (Björk et al.,
2007; Schlieker et al., 2008; Leidel et al., 2009). CTU1
presents homology with Escherichia coli TtcA, the
protein responsible for the thioltransferase activity
necessary for s2C32 tRNA thiolation, a tRNA modiﬁca-
tion not present in eukaryotes (Jäger et al., 2004). E. coli
TtcA was shown to bind, through three conserved Cys
residues, Fe-S clusters that are essential for its activity
(Bouvier et al., 2014). The conserved motifs Cys-X1-X2-
Cys present in E. coli TtcA and Arabidopsis CTU1
suggest that Arabidopsis CTU1(L) proteins could be
Fe-S client proteins. Accordingly, proteins from the CIA
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machinery are known to be required for 2-thio modi-
ﬁcation of cytosolic tRNAs, suggesting that at least one
cytosolic or nuclear protein containing Fe-S clusters is
necessary for thiolation of cytosolic tRNAs (Nakai et al.,
2007). Accordingly, GRXS17 could be involved in the
transfer of putative Fe-S clusters to a CTU1(L)/CTU2
complex.
Several proteins already known to bind Fe-S clusters
were also found in our GRXS17 TAP interactome, in-
cluding BolA2 and XDH1. Interactions between GRX
and BolA proteins are conserved in yeast, humans, and
plants. In all of these eukaryotes, it has been demon-
strated that the GRX and BolA domains are bridged by
the binding of a [2Fe-2S] cluster (Li et al., 2009, 2012;
Couturier et al., 2014). However, GRXS17 can also bind
Fe-S clusters independently of BolA2 interaction,
through the formation of Fe-S bridged homodimers,
and it can contribute to the activity of cytosolic Fe-S
enzymes (Knuesting et al., 2015).
In yeast, Grx3/4 are localized in the nucleus, where
they regulate the nuclear export of Aft1, a transcription
factor that regulates Fe-responsive gene expression
under low Fe conditions (Pujol-Carrion et al., 2006).
Heterodimerization of Grx3/4 with the BolA-like pro-
tein Fra2 leads to nuclear export of Aft1 (Pujol-Carrion
et al., 2006; Li et al., 2009). In both yeast and humans,
GRXs play an important role in Fe utilization. Grx3/4-
deﬁcient yeast cells have defects in de novo synthesis of
Fe-S clusters and heme, two of the major Fe-consuming
processes in these organisms. The Fe content is not
decreased in these yeast cells, but the Fe is not bio-
available due to deﬁcient Fe delivery to mitochondria.
A similar defect in Fe bioavailability was observed in
zebraﬁsh (Danio rerio) andHeLa cells whenHsGRX3 (or
the zebraﬁsh ortholog) was depleted (Mühlenhoff et al.,
2010; Haunhorst et al., 2013). In plants, BolA2 does not
seem to play a role in Fe homeostasis, and the biological
output of the GRXS17-BolA2 interaction remains an
unanswered question (Couturier et al., 2014; Roret
et al., 2014).
XDH1, in turn, belongs to the family of XORs and is a
central player in purine catabolism. In Arabidopsis, two
XOR-encoding genes are present with a strict XDH
activity, i.e. XDH1 and XDH2. Although both genes
are located close to each other on the same chromo-
some, XDH2 is expressed constitutively at basal levels,
whereas XDH1 is differentially expressed upon several
developmental and environmental stimuli (Hesberg
et al., 2004). Plants deﬁcient in XDH1 are affected
in growth and development. Seedlings with RNAi-
mediated silencing of XDH1 are smaller than wild-
type plants with shorter ﬂowering stems, smaller fruit
size, and higher sterility rate (Nakagawa et al., 2007). In
addition, XDH1-deﬁcient plants also show earlier onset of
age-dependent, dark-induced leaf senescence (Nakagawa
et al., 2007; Brychkova et al., 2008) and decreased toler-
ance to drought stress (Watanabe et al., 2010). In accor-
dance with the function of XDH1 in purine catabolism,
precursors of uric acid (hypoxanthine and xanthine) are
signiﬁcantly more abundant in XDH1-deﬁcient plants,
whereas downstream products (allantoic acid and urea)
are less abundant (Nakagawa et al., 2007; Brychkova
et al., 2008).Quantiﬁcation of thesemetabolites in grxs17-1
plants indicated that these purine catabolism intermedi-
ates also accumulate differentially in the absence of
GRXS17, reﬂecting a perturbed ﬂux through the purine
salvage pathway. However, it is interesting to note that
despite the apparent clarity of these results, certain as-
pects of the changes in the levels of thesemetaboliteswere
unexpected, namely the 20% increase in uric acid in the
mutant in spite of the reduction of the activity of XDH1.
The most likely explanation for this is the upregulation of
another, as-yet-undeﬁned, route of uric acid production in
an unsuccessful (when viewed from the standpoint of the
other downstream metabolites) attempt to compensate
for the deﬁcit of XDH1. This aspect suggests additional
complexity in the regulation of this pathway and thus
warrants further experimental study.
Remarkably, no overlap was found between the
interacting partners identiﬁed in our study and those in
a recent study in which afﬁnity chromatography with
HIS-tagged GRXS17 was used to identify GRXS17-
interacting proteins (Knuesting et al., 2015). Inter-
actors reported in the latter study were more related
to signaling and included the transcriptional regula-
tor Nuclear Factor Y Subunit C11/Negative Cofactor
2a (Knuesting et al., 2015). The discrepancy between
these two interactomes could be due to differences in
technical procedures and suggests that GRXS17 is able to
interact with even more proteins than reported here and
that it may be involved in different cellular processes.
GRXS17 Function Is Evolutionarily Conserved
The evolutionary conservation of the processes de-
scribed in this paper is strong: CIA complex, GRX,
XOR, and tRNA-modifying proteins are all conserved
in plants and humans. Fe-S proteins are thought to be
reminiscent of the origin of life, when Fe and S were
readily available under a reducing, anaerobic environ-
ment. Metabolic pathways that evolved at these early
stages of life became essential to all living organisms,
and many of them require Fe-S proteins (Sheftel et al.,
2010). Because Arabidopsis grxs17 seedlings actually
only show mild developmental defects (Cheng et al.,
2011; Knuesting et al., 2015) in contrast to the strong
developmental defects associated with GRX depletion
in yeast or animal cells, plants such as Arabidopsis may
have evolved alternative protein(s) or pathway(s) that
can take over these evolutionary conserved tasks.
The role of GRX proteins in the CIA pathway is still
not entirely understood. In yeast, incorporation of Fe-S
clusters into both cytosolic and mitochondrial proteins
is dependent on Grx3/4 (Mühlenhoff et al., 2010). We
establish here that, in plants, GRXS17 associates with
several components of the CIA complex, including
DRE2, NAR1, CIA1, AE7/CIA2, and MET18. GRXS17-
DRE2 interaction is conserved in yeast and humans, in
which the orthologs also interact directly and in which
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this close interaction allows the transfer of the [2Fe-2S]
clusters from the GRX to DRE2 (Banci et al., 2015; Fig.
1A). In humans, disturbance of the DRE2/Anamorsin-
GRX interaction has been proposed as a strategy to
reduce cell proliferation in solid tumors in which
Anamorsin expression is enhanced (Saito et al., 2011).
Possibly, because maturation of DRE2 in humans is
dependent on GRX3, GRX3 might, analogously to
GRXS17, form the bridge between the mitochondrial
and cytosolic Fe-S assembly machineries by providing
the initial Fe-S cluster to the essential CIA proteins.
Alternatively, GRXS17 might speciﬁcally contribute to
the maturation of [2Fe-2S] cluster-containing proteins
in the cytosol and the nucleus, because the clusters
assembled by the CIA are of the [4Fe-4S] type. GRXS17
might thus associate with the CIA-targeting complex
and function as a [2Fe-2S] speciﬁc adaptor for this
complex.
MATERIALS AND METHODS
Plant Material and Growth Conditions
All mutant lines used in this study were in the Col-0 ecotype background.
grxs17-1 (SALK_021301), grxs17-2 (antisense line), rol5-2/ctu1-2 (GK-709D04),
ctu2-2 (GK-686B10), elo3-6 (GK-555H06), met18-1 (SALK_121963), and met18-2
(SALK_147068)mutantswere described previously (Leiber et al., 2010; Nelissen
et al., 2010; Chen et al., 2011; Luo et al., 2012; Philipp et al., 2014). Arabidopsis
(Arabidopsis thaliana) seedswere sterilized by the chlorine gasmethod and sown
on sterile plates containing Murashige and Skoog medium supplemented with
1% (w/v) Suc, 0.8% (w/v) agarose, pH 5.7. Plates were kept 2 d in the dark for
stratiﬁcation at 4°C before being transferred to a growth room at 21°C with a
16-h light/8-h dark regime, with a light intensity of 80 mmol m22 s21, unless
mentioned otherwise.
Cloning and Site-Directed Mutagenesis
The coding sequence of GRXS17, DRE2, CTU1, and CTU2 were ampliﬁed
from cDNA obtained from wild-type Arabidopsis Col-0 seedlings, using spe-
ciﬁc primers (Supplemental Table S3) containing Gateway recombination attB
sites. The ampliﬁed ORFs were then recombined with pDONR207 and trans-
ferred to the corresponding pDEST Gateway vectors.
Yeast Strains, Media, and SUP4 tRNA Suppressor Assay
Y2H analysis was performed as described previously (Cuéllar Pérez et al.,
2013). In brief, the Saccharomyces cerevisiae PJ69-4A strain was cotransformed
with pGADT7 and pGBKT7 vectors containing bait and prey, respectively.
Transformants were selected on synthetic deﬁned (SD) medium lacking Leu
and Trp. Three individual transformants were grown overnight in liquid me-
dium lacking Leu and Trp, and a 10-fold dilution of these cultures was dropped
on control and selective solid media additionally lacking His. Empty vectors
were used as negative controls and yeast cells were allowed to grow for 2 d at
30°C before interaction was scored.
For the conventional SUP4 tRNA suppressor assay based on ade2-1 ochre
read-through (Huang et al., 2005), we used W303-1A strain (MATa ura3-1,
ade2-1, trp1-1, his3-11, 15, leu2-3,112; Mortimer and Johnston, 1986) and its
pGAL-GRX4/grx3D derivative (W303-1A but pGRX4::GAL-L-natNT2; grx3D::
LEU2; Mühlenhoff et al., 2010). Routine yeast growth was performed in rich
yeast extract, peptone dextrose (YPD), or Gal (YPG) media or on SD medium
containing 2% (w/v) dextrose (SD Glu) or 2% (w/v) Gal (SD Gal; Sherman,
2002). Both lacked adenine to check for ade2-1 ochre read-through by the tRNA
suppressor SUP4 and formation of adenine prototrophic cells (Jablonowski
et al., 2006). The latter involved growth for 3 d at 30°C of 10-fold serial di-
lutions of yeast strains W303-1A and pGAL-GRX4/grx3D transformed with
SUP4 on a single-copy plasmid pTC3 (Shaw and Olson, 1984; Jablonowski
et al., 2009).
TAP
Nor C terminally tagged TAP constructs (GS or GSrh tag) were generated as
described previously (Van Leene et al., 2015). They were used for the trans-
formation of Arabidopsis PSB-D cell suspension cultures without callus selec-
tion and further grown and subcultured as described by Van Leene et al. (2011).
Stably transformed cultures were scaled up and harvested 6 d after sub-
culturing. Transgenic Arabidopsis seeds were generated by ﬂoral dip (Clough
and Bent, 1998), using Col-0 as the background ecotype and the same constructs
as for cell culture transformation. Transformants were selected, and puriﬁca-
tionswere performed as described byVan Leene et al. (2015), with the exception
that no benzonase treatment was performed on the cell culture extracts. Ex-
pression of TAP-tagged constructs was veriﬁed on an aliquot of total protein
extract before puriﬁcation.
BiFC
pCaMV35S:ORF-tag constructs using theN- orC-terminal part ofGFP (nGFP
and cGFP, respectively) were constructed by triple Gateway reactions using
pK7m34GWor pH7m34GW (Karimi et al., 2005) as described previously (Boruc
et al., 2010). pCaMV35S::tag-ORF constructs were generated by double Gate-
way recombination using pH7m24GW2 or pK7m24GW2 (Boruc et al., 2010).
The constructs were coexpressed together with a P19-expressing Agrobacterium
tumefaciens strain (Voinnet et al., 2003) in Nicotiana benthamiana using Agrobacterium-
mediated transient transformation with a modiﬁed inﬁltration buffer (10 mMMgCl2,
10 mM MES, pH 5.7, 100 mM acetosyringone). Interactions were scored by
screening the lower epidermal cells for ﬂuorescence using LEICA SP2 confocal
microscopy, 3 d after transformation.
RNA-Seq
Seedlings were grown in vertical plates in three biological repeats for 14 d in
Murashige and Skoog medium supplemented with 1% (w/v) Suc. Seedlings
were frozen in liquid nitrogen, and total RNA was extracted using the RNeasy
plant mini kit (Qiagen) and DNase I (Promega) treatment. A Trueseq RNA-Seq
library (Illumina) was compiled and sequenced as 50-bp single read using the
Illumina HiSEquation 2000 technology at GATC Biotech. Read quality control,
ﬁltering, mapping to The Arabidopsis Information Resource 10 version of the
Arabidopsis genome,andreadcountingwere carriedoutusing theGalaxyportal
running on an internal server (http://galaxyproject.org/). Sequences were
ﬁltered and trimmed with the Filter FASTQ v1 and FASTQ Quality Trimmer
v1 tools, respectively, with default settings (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/). Reads were subsequently mapped to The
Arabidopsis Information Resource 10 version of the Arabidopsis genome using
GSNAPv2 (Wu and Nacu, 2010), allowing a maximum of ﬁve mismatches. The
concordantly paired reads that uniquely map to the genome were used for
quantiﬁcation on the gene level with HTSeq-count from the HTSeq python
package (Anders et al., 2015). Data were normalized using TMM, implemented
in edgeR (Robinson et al., 2010), and common dispersion was then estimated
using the conditional maximum likelihood method (Robinson and Smyth,
2008). Differentially expressed genes were deﬁned by a 2-fold difference be-
tween mutant lines and the wild-type control with P-value , 0.05. The false
discovery rate was limited to 5% according to Benjamini and Hochberg (1995).
Gene Expression Analysis
Seedlings were grown in the same conditions described for RNA-Seq, and
total RNA was isolated as mentioned above. One microgram of RNAwas used
for cDNA synthesis using the iScript kit (Bio-Rad). Quantitative reverse
transcriptase-PCRwasperformedonaLightCycler 480 system (Roche) using the
Fast Start SYBR Green I PCR mix (Roche). At least three biological repeats and
two technical repeats were used for each analysis. Datawere analyzed using the
second derivative maximum method, and relative expression levels were de-
termined using the comparative cycle threshold method. Primer sequences are
provided in Supplemental Table S3.
tRNA Extraction and Analysis
Seedlings were grown for 14 d in half-strength liquid Murashige and Skoog
medium supplemented with 1% (w/v) Suc and 100 mg/L myoinositol. Seed-
lings were frozen in liquid nitrogen, and total RNA was extracted according to
Björk et al. (2001). One-half microgram of total RNA was resolved on 8%
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acrylamide gels containing 0.53 TBE, 7 M urea, and 50 mg/mL APM. Northern-
blot analysis was performed essentially as described in Leidel et al. (2009), with
the following probes: 59-TGGCGCCGTCTGTGGGGATCG-39 to detect
tK(UUU), 59-TGGAGGTTCTACCGGGAGTCGAACC-39 to detect tQ(UUG), 59-
TGGCTCCATTGCCGGGAATCGAACC-39 to detect tE(UUC) and as negative
control for nonthiolated tRNAs, 59-TGGCACACCCGGTGGGACTCG-39 to
detect tR(UCU), and 59-TGGTGCGTCTGCCGGGAGTCG-39 to detect tG(UCC).
Immunoblot Analysis
After quantiﬁcation of the protein content as described by Bradford (1976),
the indicated protein samples were loaded on a 4% to 15% TGX gel (Bio-Rad)
and ran for 20 min at 300 V. Next, proteins were transferred to 0.2-mm
polyvinylidene diﬂuoride membranes (Bio-Rad) with the Transblot Turbo
(Bio-Rad). Chemiluminescent detection was performed with western Bright
ECL (Isogen).
Anti-GRXS17 Antibody
GRXS17 was cloned into the pDEST17 vector (Invitrogen) and expressed in
the Escherichia coli BL21(DE3) strain. The 6xHIS-GRX17 recombinant protein
was puriﬁed by IMAC using Ni-NTA (Qiagen) resin followed by size exclusion
chromatography using an Äkta puriﬁer equipped with a Superdex200 column
(GE Healthcare). A rabbit was immunized with the puriﬁed recombinant
6xHIS-GRX17 in the service facilities of Agro-Bio (France). Total serum
was collected 63 d postimmunization. A 1/5,000 dilution of this antibody and a
1/10,000 dilution of anti-rabbit IgG-HRP (GE) were used for immunoblotting.
DNA-Damage Agent
Sterilized seeds were geminated in Murashige and Skoog medium, transferred
after 4 d toMurashige and Skoog plates supplemented or not with 0.01% v/vMMS
(Sigma) and scored after 17 d. The experiment was performed in triplicate.
Root Phenotype Analysis
Seedlingsgrownvertically at 21°Cunder24-h light conditions (75mmolm22 s21)
were used for root analysis. The root meristem size was determined 5 DAG as
the number of cells in the cortex cell ﬁle from the Quiescent center (QC) to the
ﬁrst elongated cell (Casamitjana-Martínez et al., 2003). The samples were
mounted with clearing solution (80 g chloral hydrate, 30 mL glycerol, and
10mL dH2O) and observed immediately. Themain root length was determined
11 DAG using ImageJ software (http://imagej.nih.gov/ij/). At least 23 seed-
lings of each line were analyzed.
Leaf Phenotype Analysis
Plants, 24DAG in soil at 21°C under a 16-h light/8-h dark regimewith a light
intensity of 75 mmol m22 s21were used for leaf series on 1% agar plates, picture
taking, and image analysis of leaf lamina area, length, and width as described
(Cnops et al., 2004). Leaf 3 was chosen for epidermal cell imaging because of its
full expansion at 24DAG (Fig. 4C; Pyke et al., 1991;Medford et al., 1992). Leaves
were ﬁxed overnight in 100% ethanol and mounted with 90% lactic acid. The
leaf area was measured with the ImageJ software. The epidermal cells on the
abaxial side were drawn with a Leica DMLB microscope equipped with a
drawing tube and differential interference contrast objectives. The total number
of cells per leaf was calculated as described previously (De Veylder et al., 2001).
We estimated the total number of cells per leaf by dividing the leaf area by the
mean cell area (averaged between the tip and basal positions). Means between
samples were compared by a two-tailed Student’s t test.
Enzymatic Activity Measurement (XDH)
XDH1 activity measurements in plant crude extracts were performed as
described in Hesberg et al. (2004). Brieﬂy, total protein extract was obtained
from 10-d-old Arabidopsis seedlings. Plant tissue was grown in liquid nitrogen,
resuspended in two volumes of extraction buffer (100 mM Tris-HCl pH 7.5,
2.5 mM EDTA, 5 mM DTT), and centrifuged. Supernatants were concentrated
using Nanosep centrifugal devices (30K Omega, Pall Life Sciences) and 100 mg
of total protein quantiﬁed by the method of Bradford (1976) were used for
activity assays. Four to sixteen percent native polyacrylamide gels under
nonreducing conditions were run at 4°C, followed by in-gel staining with 1 mM
hypoxanthine, 1 mM 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bro-
mide, and 0.1 mM phenazine methosulfate in 250 mM Tris-HCl, pH 8.5.
Metabolite Proﬁling by Gas Chromatography/Time of
Flight-Mass Spectrometry
Metabolite analysis by gas chromatography-mass spectrometry was per-
formed essentially as described by Lisec et al. (2006) by injecting metabolite
extracts from 1 mg fresh weight of plant material into the gas chromatograph/
time of ﬂight-mass spectrometer. Chromatograms and mass spectra were
evaluated using Xcalibur 2.1 software (Thermo Fisher Scientiﬁc). Speciﬁc
fragment and expected elution time of target metabolites (urea, allantoic acid,
allantoin, hypoxanthine, uric acid, xanthine, and xanthosine) were identiﬁed by
coelutionwith authentic standards. Peak areas of themass (m/z) fragmentswere
normalized to the internal standard (ribitol) and fresh weight of the samples.
Identiﬁcation and annotation of detected peaks are shown in Supplemental
Table S2 following recent recommendations for reporting metabolite data
(Fernie et al., 2011).
Pathogen Infection
Cultivation and spore harvesting of Botrytis cinerea strain B05.10 (provided
by Rudi Aerts, Katholieke Hogeschool Kempen, Belgium) was performed as
described previously (Broekaert et al., 1990). Arabidopsis wild-type (Col-0) and
mutants plants were grown for 4 weeks in soil (“DCMpotgrond voor Zaaien en
Stekken”; DCM, Sint-Katelijne-Waver, Belgium) in a growth chamber at 21°C,
75% humidity, and a 12-h day/light cycle with a light intensity of approxi-
mately 120mmolm22 s21. A 5-mL drop of a B. cinerea spore suspension (53 105/mL
in half-strength potato dextrose broth) was inoculated on three leaves per plant.
Plants were kept in transparent, sealed boxes to retain almost 100% humidity after
inoculation. Disease symptoms were scored by measuring the diameter of the
necrotic lesions at 2 and 3 d postinoculation. Thirty-two plants per line were
analyzed. Two independent assays with similar results were performed.
Accession Numbers
Accession numbers of the genes used in this study are as follows: GRXS17,
AT4G04950;MET18,AT5G48120;DRE2,AT5G18400;NAR1,AT4G16440;CIA1,
AT2G26060; AE7/CIA2, AT1G68310; XDH1, AT4G34890; URH1, AT2G36310;
URH2,AT1G05620;UREG,AT2G34470;CTU1,AT2G44270;CTU1L,AT1G76170;
CTU2, AT4G35910; ELO3, AT5G50320; Leu-tRNA ligase, AT1G09620; PARP2,
AT4G02390; ACC2, AT1G36180; GMI, AT5G24280; F4P13.14, AT3G01600; AAA-
ATPase, AT2G18193; and DTX3, AT2G04050 and AT5G60250.
Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1. GRXS17 interacts with DRE2 and XDH1 in planta.
Supplemental Figure S2. Characterization of the grxs17 mutants used in
this study.
Supplemental Figure S3. Analysis of the functioning of the purine salvage
pathway in grxs17-1 seedlings.
Supplemental Figure S4. BIFC controls.
Supplemental Figure S5. grxs17 and elo3-6 mutants have similar develop-
mental defects.
Supplemental Figure S6. grxs17 and elo3-6 mutants show similar molecu-
lar defects.
Supplemental Table S1. RNA-Seq analysis of the grxs17-1 mutant.
Supplemental Table S2. Identiﬁcation and annotation of detected purine
metabolite peaks.
Supplemental Table S3. Primers used in this study.
Supplemental Dataset S1. Mass spectrometry data of TAP experiments.
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Figure S1. GRXS17 interacts with DRE2 and XDH1 in planta. A and B, GRXS17 interaction with 
DRE2 (A) and XDH1 (B) by bimolecular fluorescence complementation. Fusion proteins with an N-
terminal (nGFP) or C-terminal (cGFP) fragment of GFP were transiently co-expressed in N. 
benthamiana leaves and analyzed by confocal microscopy, three days after agro-infiltration. C, 
Confocal microscopy images of N. benthamiana leaves transiently expressing GFP-DRE2 or GRXS17-
GFP and GFP-XDH1. Scale bars: 50 m. 
  
Figure S2. Characterization of the grxs17 mutants used in this study. A, Schematic 
visualization of the GRXS17 gene structure. Black boxes represent exons. T-DNA insertion 
and primers used for genotyping and qRT-PCR are indicated above or below, respectively. B, 
GRXS17 gene expression analysis by qRT-PCR in grxs17-1 seedlings. The GRXS17 
expression ratio relative to that in wild-type Col-0 seedlings is plotted (set at 1). Bars 
represent means ±SE of n=3 (***, P<0.001, Student’s t-test). C, Immunoblot analysis with a 
polyclonal anti-GRXS17 antiserum showing the absence of GRXS17 proteins in grxs17-1 and 
grxs17-2 seedlings. 
  
Figure S3. Analysis of the functioning of the purine salvage pathway in grxs17-1 
seedlings. Quantification of purine degradation intermediates in 10-day-old seedlings grown 
on MS media supplemented with 1% sucrose. The y-axes correspond to the relative peak 
areas representing specific mass fragment ion peaks (described in Supplemental Table S2) 
that were normalized by fresh weight and peak area of the internal standard. Bars represent 
means ±SE of n=5 (*, P<0.05; **, P<0.01; Student’s t-test).  
  
Figure S4. BIFC controls. A, Controls for CTU2 interaction with GRXS17 by bimolecular 
fluorescence complementation. Fusion proteins with an N-terminal (nGFP) or C-terminal 
(cGFP) fragment of GFP were transiently expressed in N. benthamiana leaves and analyzed 
by confocal microscopy, three days after agro-infiltration. B, Confocal microscopy images of 
N. benthamiana leaves transiently expressing GFP-CTU2 or GFP-CTU2. Scale bars: 50 m. 
  
Figure S5. grxs17 and elo3-6 mutants have similar developmental defects. A, 
Representative plant phenotypes, 19 days after germination (DAG) of left to right: Col-0, 
grxs17-1, grxs17-2 and elo3-6. B, Ratio between leaf lamina length and width of leaf series of 
plants, 24 DAG, grown in soil (n≥10) (*, P<0.05; **, P<0.01; ***, P<0.001, Student’s t-test, 
# comparison between Col-0 and grxs17-1; * for Col-0 and grxs17-2 and 
o 
for Col-0 and elo3-
6. C and D, Cellular analysis of leaf 3 (n=5): mean of cell area (C) and calculated number of 
cells (D) (***, P<0.001; #, P=0.06, Student’s t-test). Bars represent SE. 
  
Figure S6. grxs17 and elo3-6 mutants show similar molecular defects. qPCR validation of 
gene expression in grxs17-1 and grxs17-2. The expression ratio relative to that in wild-type 
Col-0 seedlings is plotted (set at 1). Bars represent means ±SE of n=3 (*, P<0.05; **, P<0.01; 
***, P<0.001, Student’s t-test). 
  1
Table S1. Differentially expressed genes obtained by RNA-Sequencing analysis of the grxs17-1 loss-of-function seedlings. 1 
Locus logFC logCPM PValue FDR Short description 2 
AT2G03130 7,8431 -0,9583 1,64E-23 4,36E-21 Ribosomal protein L12/ ATP-dependent Clp protease adaptor protein ClpS family protein 3 
AT2G24255 7,5244 -1,2068 1,41E-19 2,61E-17 Protein of unknown function (DUF295) 4 
AT1G30170 6,7259 0,9718 2,32E-73 5,05E-70 Protein of unknown function (DUF295) 5 
AT4G17710 5,9496 -0,9566 2,33E-23 5,94E-21 homeodomain GLABROUS 4 (HDG4) 6 
AT5G53230 5,1691 1,1845 5,76E-80 1,41E-76 Protein of unknown function (DUF295) 7 
AT5G14490 4,9533 -0,6570 2,03E-24 5,85E-22 NAC domain containing protein 85 (NAC085) 8 
AT5G55270 4,7198 -0,0076 2,91E-33 1,78E-30 Protein of unknown function (DUF295) 9 
AT5G59390 4,6879 -0,2682 3,65E-30 1,66E-27 XH/XS domain-containing protein 10 
AT5G54560 4,6639 -1,3435 1,14E-15 1,52E-13 Protein of unknown function (DUF295) 11 
AT5G53240 4,6525 -0,9294 2,67E-19 4,80E-17 Protein of unknown function (DUF295) 12 
AT3G01345 4,4126 0,2226 1,98E-40 1,62E-37 Expressed protein 13 
AT4G05380 4,3607 0,0290 1,26E-33 8,00E-31 P-loop containing nucleoside triphosphate hydrolases superfamily protein 14 
AT5G60250 4,3006 2,8474 1,98E-145 1,29E-141 zinc finger (C3HC4-type RING finger) family protein 15 
AT4G05370 4,2930 -0,6389 1,14E-21 2,66E-19 BCS1 AAA-type ATPase 16 
AT2G20800 4,1930 2,0061 2,66E-91 8,69E-88 NAD(P)H dehydrogenase B4 (NDB4) 17 
AT4G22470 3,9753 2,9779 4,65E-13 4,16E-11 protease inhibitor/seed storage/lipid transfer protein (LTP) family protein 18 
AT3G01600 3,7631 3,0316 7,30E-144 3,58E-140 NAC domain containing protein 44 (NAC044) 19 
AT2G18720 3,6950 -0,4126 1,82E-23 4,76E-21 Translation elongation factor EF1A/initiation factor IF2gamma family protein 20 
AT2G39030 3,6676 0,4972 4,77E-08 1,93E-06 Acyl-CoA N-acyltransferases (NAT) superfamily protein 21 
AT4G12490 3,6453 3,2611 3,06E-20 6,18E-18 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein 22 
AT3G22860 3,0983 -0,7617 4,34E-14 4,45E-12 eukaryotic translation initiation factor 3 subunit C2 (TIF3C2) 23 
AT5G47000 3,0965 -0,0307 1,80E-21 4,11E-19 Peroxidase superfamily protein 24 
AT4G32510 3,0591 -1,4097 3,57E-10 2,11E-08 HCO3- transporter family 25 
AT5G20240 3,0528 -0,8197 1,06E-14 1,19E-12 PISTILLATA (PI) 26 
AT4G12480 2,9736 6,9036 1,06E-57 1,57E-54 pEARLI 1 27 
AT5G58610 2,9158 1,6751 9,47E-58 1,55E-54 PHD finger transcription factor, putative 28 
AT5G13210 2,8400 3,3197 2,04E-87 5,73E-84 Uncharacterised conserved protein UCP015417,  vWA 29 
AT3G54530 2,8270 -0,3893 4,72E-16 6,61E-14 unknown protein 30 
AT4G12470 2,8266 4,8391 1,06E-28 4,17E-26 azelaic acid induced 1 (AZI1) 31 
  2
AT5G24280 2,8123 4,1506 1,02E-127 4,00E-124 GAMMA-IRRADIATION AND MITOMYCIN C INDUCED 1 (GMI1) 32 
AT3G18610 2,7156 1,9487 1,12E-57 1,57E-54 nucleolin like 2 (NUC-L2) 33 
AT5G64060 2,6805 1,8069 7,69E-54 9,42E-51 NAC domain containing protein 103 (NAC103) 34 
AT1G36180 2,6310 5,8323 6,22E-167 6,10E-163 acetyl-CoA carboxylase 2 (ACC2) 35 
AT1G03710 2,5470 -0,9329 1,63E-10 1,02E-08 Cystatin/monellin superfamily protein 36 
AT4G21680 2,4794 1,2493 6,10E-20 1,17E-17 NITRATE TRANSPORTER 1.8 (NRT1.8) 37 
AT1G17960 2,4753 2,4977 1,75E-66 3,43E-63 Threonyl-tRNA synthetase 38 
AT1G11070 2,4537 2,2998 5,34E-51 5,81E-48 Similar to Hydroxyproline-rich glycoprotein family protein 39 
AT1G30160 2,4404 0,8004 6,13E-29 2,50E-26 Protein of unknown function (DUF295) 40 
AT1G49570 2,4232 3,1231 6,18E-57 8,07E-54 Peroxidase superfamily protein 41 
AT5G24640 2,3760 0,4693 3,29E-21 7,19E-19 unknown protein 42 
AT5G09570 2,3161 1,7229 1,58E-39 1,24E-36 Cox19-like CHCH family protein 43 
AT1G05490 2,2963 0,7971 1,71E-25 5,25E-23 chromatin remodeling 31 (chr31) 44 
AT2G18190 2,2698 -0,5504 1,49E-11 1,10E-09 P-loop containing nucleoside triphosphate hydrolases superfamily protein 45 
AT5G44575 2,2674 0,1789 2,43E-11 1,72E-09 unknown protein 46 
AT5G07200 2,1916 0,0057 1,44E-15 1,88E-13 gibberellin 20-oxidase 3 (GA20OX3) 47 
AT5G12030 2,1478 -0,4739 4,01E-11 2,72E-09 heat shock protein 17.6A (HSP17.6A) 48 
AT3G58270 2,1348 2,4710 4,66E-51 5,37E-48 Arabidopsis phospholipase-like protein (PEARLI 4) with TRAF-like domain 49 
AT2G47520 2,1346 -0,1203 8,29E-15 9,52E-13 HYPOXIA RESPONSIVE ERF (ETHYLENE RESPONSE FACTOR) 2 (HRE2) 50 
AT5G58840 2,1010 -0,7230 2,76E-09 1,42E-07 Subtilase family protein 51 
AT2G18193 2,0929 4,6821 3,26E-38 2,46E-35 P-loop containing nucleoside triphosphate hydrolases superfamily protein 52 
AT1G20350 2,0614 -0,6479 3,49E-10 2,08E-08 translocase inner membrane subunit 17-1 (TIM17-1) 53 
AT1G76470 2,0370 -0,6079 1,02E-09 5,65E-08 NAD(P)-binding Rossmann-fold superfamily protein 54 
AT1G70260 2,0312 2,0482 5,53E-33 3,29E-30 nodulin MtN21 /EamA-like transporter family protein 55 
AT1G30660 2,0098 -0,9147 8,56E-08 3,25E-06 unknown protein 56 
AT3G27620 1,9986 -0,0357 1,32E-12 1,13E-10 alternative oxidase 1C (AOX1C) 57 
AT2G38340 1,9289 0,0990 8,10E-14 8,10E-12 Integrase-type DNA-binding superfamily protein 58 
AT4G12735 1,9024 -0,2646 1,12E-09 6,14E-08 unknown protein 59 
AT3G09950 1,8924 -0,4923 1,03E-09 5,70E-08 unknown protein 60 
AT5G51440 1,8907 2,9705 4,93E-46 5,09E-43 HSP20-like chaperones superfamily protein 61 
AT2G21450 1,8832 -0,6898 1,61E-08 7,23E-07 chromatin remodeling 34 (CHR34) 62 
  3
AT1G18100 1,8678 2,3204 1,17E-24 3,48E-22 E12A11 63 
AT2G21640 1,8663 2,4958 2,10E-30 9,79E-28 unknown protein 64 
AT4G15350 1,8526 -0,7776 8,00E-08 3,06E-06 cytochrome P450, family 705, subfamily A, polypeptide 2 (CYP705A2) 65 
AT2G41730 1,8312 2,7400 1,39E-36 9,41E-34 unknown protein 66 
AT1G65570 1,8228 0,6566 1,68E-17 2,72E-15 Pectin lyase-like superfamily protein 67 
AT1G53540 1,7874 -0,5366 6,84E-08 2,66E-06 HSP20-like chaperones superfamily protein 68 
AT4G16590 1,7828 -0,6030 4,41E-08 1,80E-06 cellulose synthase-like A01 (CSLA01) 69 
AT1G70440 1,7752 0,8400 4,33E-18 7,20E-16 similar to RCD one 3 (SRO3) 70 
AT1G20400 1,7694 0,7318 6,06E-15 7,11E-13 FUNCTIONS IN: molecular_function unknown 71 
AT2G38250 1,7461 1,0757 2,73E-20 5,57E-18 Homeodomain-like superfamily protein 72 
AT3G46230 1,7274 0,7771 2,46E-13 2,31E-11 heat shock protein 17.4 (HSP17.4) 73 
AT5G19470 1,7022 2,7655 5,44E-09 2,65E-07 nudix hydrolase homolog 24 (NUDT24) 74 
AT3G28580 1,6985 1,3791 1,19E-11 8,96E-10 P-loop containing nucleoside triphosphate hydrolases superfamily protein 75 
AT1G49920 1,6932 -0,8888 1,97E-06 5,28E-05 MuDR family transposase 76 
AT1G61255 1,6724 -0,8046 6,06E-07 1,86E-05 Similar to glycine-rich protein 77 
AT1G67760 1,6513 0,6887 4,77E-15 5,84E-13 TCP-1/cpn60 chaperonin family protein 78 
AT5G11410 1,6440 0,7932 1,66E-14 1,81E-12 Protein kinase superfamily protein 79 
AT2G04050 1,6328 3,8197 1,93E-14 2,06E-12 MATE efflux family protein 80 
AT1G65500 1,6113 1,4600 3,21E-13 2,97E-11 unknown protein 81 
AT5G67060 1,6049 -0,2688 1,73E-08 7,72E-07 HECATE 1 (HEC1) 82 
AT5G25230 1,5970 0,9286 4,52E-16 6,38E-14 Ribosomal protein S5/Elongation factor G/III/V family protein 83 
AT1G52120 1,5967 3,2178 1,04E-28 4,17E-26 Mannose-binding lectin superfamily protein 84 
AT4G36570 1,5946 0,9778 2,13E-12 1,75E-10 RAD-like 3 (RL3) 85 
AT2G42430 1,5888 1,0904 3,22E-17 4,96E-15 lateral organ boundaries-domain 16 (LBD16) 86 
AT1G18835 1,5868 -0,8893 5,81E-06 1,35E-04 MINI ZINC FINGER 3 (MIF3) 87 
AT4G30250 1,5855 0,7416 2,27E-05 4,44E-04 P-loop containing nucleoside triphosphate hydrolases superfamily protein 88 
AT1G53130 1,5774 0,6593 3,27E-13 3,01E-11 GRIM REAPER (GRI) 89 
AT3G45730 1,5712 2,2311 2,70E-24 7,67E-22 unknown protein 90 
AT3G47030 1,5694 -0,0415 4,69E-09 2,31E-07 F-box and associated interaction domains-containing protein 91 
AT1G54890 1,5664 0,8721 3,84E-14 3,98E-12 Late embryogenesis abundant (LEA) protein-related 92 
AT5G19700 1,5645 1,4530 1,95E-18 3,30E-16 MATE efflux family protein 93 
  4
AT4G20690 1,5636 -0,3952 7,10E-08 2,75E-06 unknown protein 94 
AT4G15210 1,5388 2,4580 1,74E-15 2,23E-13 beta-amylase 5 (BAM5) 95 
AT2G44570 1,5291 0,8942 7,31E-15 8,49E-13 glycosyl hydrolase 9B12 (GH9B12) 96 
AT3G21720 1,4924 2,1238 4,06E-13 3,67E-11 isocitrate lyase (ICL) 97 
AT5G67430 1,4863 2,8286 5,21E-20 1,02E-17 Acyl-CoA N-acyltransferases (NAT) superfamily protein 98 
AT1G66920 1,4782 0,6856 1,04E-10 6,75E-09 Protein kinase superfamily protein 99 
AT5G37490 1,4712 -0,8576 5,53E-05 9,57E-04 ARM repeat superfamily protein 100 
AT3G59930 1,4592 -0,7282 1,06E-05 2,28E-04 FUNCTIONS IN: molecular_function unknown 101 
AT1G19380 1,4538 1,0789 3,89E-08 1,60E-06 Protein of unknown function (DUF1195) 102 
AT2G23170 1,4324 3,1675 1,62E-31 8,61E-29 GH3.3 103 
AT5G44574 1,4300 -0,6117 7,97E-06 1,78E-04 unknown protein 104 
AT5G46050 1,4238 0,0951 1,71E-06 4,66E-05 peptide transporter 3 (PTR3) 105 
AT1G52060 1,4216 3,9461 9,97E-38 7,24E-35 Mannose-binding lectin superfamily protein 106 
AT4G33970 1,4064 -0,6773 1,76E-05 3,58E-04 Leucine-rich repeat (LRR) family protein 107 
AT1G64160 1,4019 0,1512 3,73E-08 1,54E-06 Disease resistance-responsive (dirigent-like protein) family protein 108 
AT4G02700 1,3892 1,3765 5,50E-15 6,57E-13 SULFATE TRANSPORTER 3;2 109 
AT4G15160 1,3807 6,5393 2,11E-15 2,69E-13 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein 110 
AT3G11260 1,3767 -0,7107 2,10E-05 4,15E-04 WUSCHEL related homeobox 5 (WOX5) 111 
AT3G48520 1,3548 1,7855 5,27E-16 7,28E-14 cytochrome P450, family 94, subfamily B, polypeptide 3 (CYP94B3) 112 
AT4G22960 1,3530 0,4665 1,31E-08 5,97E-07 Protein of unknown function (DUF544)      113 
AT4G11720 1,3369 -0,7358 4,02E-05 7,33E-04 HAPLESS 2 (HAP2) 114 
AT3G14060 1,3310 2,7325 6,70E-16 9,12E-14 unknown protein 115 
AT3G20710 1,3242 -0,3587 3,46E-05 6,43E-04 F-box family protein 116 
AT1G52070 1,3060 4,9117 2,99E-26 9,93E-24 Mannose-binding lectin superfamily protein 117 
AT1G61800 1,3046 1,7120 4,32E-16 6,13E-14 glucose-6-phosphate/phosphate translocator 2 (GPT2) 118 
AT2G32830 1,3018 -0,8245 6,91E-05 1,16E-03 Encodes Pht1 119 
AT3G08860 1,2867 4,8593 1,75E-42 1,49E-39 PYRIMIDINE 4 (PYD4) 120 
AT2G04070 1,2790 0,2872 1,21E-07 4,42E-06 MATE efflux family protein 121 
AT3G22142 1,2738 6,1850 1,37E-21 3,16E-19 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein 122 
AT3G24780 1,2735 1,2546 8,11E-13 7,10E-11 Uncharacterised conserved protein UCP015417,  vWA 123 
AT5G55110 1,2731 0,4314 7,67E-07 2,29E-05 Stigma-specific Stig1 family protein 124 
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AT1G76930 1,2718 8,2336 2,02E-24 5,85E-22 extensin 4 (EXT4) 125 
AT2G34340 1,2705 0,8270 1,31E-10 8,38E-09 Protein of unknown function, DUF584 126 
AT1G52040 1,2676 5,2807 4,34E-21 9,35E-19 myrosinase-binding protein 1 (MBP1) 127 
AT3G13130 1,2666 -0,7931 1,42E-04 2,11E-03 unknown protein 128 
AT3G04320 1,2614 1,4747 4,93E-14 5,01E-12 Kunitz family trypsin and protease inhibitor protein 129 
AT3G52780 1,2561 -0,6598 4,49E-05 8,04E-04 PAP20 130 
AT4G38340 1,2488 0,0141 1,41E-06 3,96E-05 Plant regulator RWP-RK family protein 131 
AT4G30140 1,2473 5,6542 1,19E-25 3,75E-23 CUTICLE DESTRUCTING  FACTOR 1 (CDEF1) 132 
AT2G38823 1,2451 1,0749 2,01E-09 1,06E-07 unknown protein 133 
AT3G45060 1,2406 -0,4820 1,77E-05 3,60E-04 high affinity nitrate transporter 2.6 (NRT2.6) 134 
AT3G13080 1,2397 6,2305 9,98E-44 9,31E-41 multidrug resistance-associated protein 3 (MRP3) 135 
AT4G06746 1,2280 -0,0902 3,52E-06 8,77E-05 related to AP2 9 (RAP2.9) 136 
AT3G58190 1,2241 -0,9177 8,01E-04 8,61E-03 lateral organ boundaries-domain 29 (LBD29) 137 
AT3G21520 1,2209 0,5942 6,23E-09 3,00E-07 DUF679 domain membrane protein 1 (DMP1) 138 
AT1G68480 1,2169 -0,2766 4,98E-06 1,19E-04 JAGGED (JAG) 139 
AT3G14700 1,2141 -0,5033 6,55E-05 1,11E-03 SART-1 family 140 
AT5G61740 1,2083 0,3148 1,01E-07 3,72E-06 ABC2 homolog 14 (ATH14) 141 
AT4G01985 1,2070 1,7042 1,27E-05 2,68E-04 unknown protein 142 
AT5G58390 1,1941 3,0264 7,78E-09 3,66E-07 Peroxidase superfamily protein 143 
AT3G48700 1,1923 1,5956 1,43E-12 1,22E-10 carboxyesterase 13 (CXE13) 144 
AT1G34460 1,1906 -0,9363 6,62E-04 7,46E-03 B1 type cyclin 145 
AT1G27020 1,1844 2,0929 1,49E-04 2,20E-03 unknown protein 146 
AT5G48850 1,1749 3,6637 5,39E-19 9,44E-17 SULPHUR DEFICIENCY-INDUCED 1 (ATSDI1) 147 
AT2G27550 1,1703 2,9705 3,96E-18 6,63E-16 centroradialis (ATC) 148 
AT5G12330 1,1676 3,2921 2,95E-11 2,05E-09 LATERAL ROOT PRIMORDIUM 1 (LRP1) 149 
AT5G38700 1,1664 -0,1246 2,05E-05 4,06E-04 unknown protein 150 
AT3G19200 1,1633 0,1635 7,24E-07 2,18E-05 unknown protein 151 
AT1G24260 1,1613 0,0822 1,76E-06 4,78E-05 SEPALLATA3 (SEP3) 152 
AT5G44568 1,1566 -0,1104 1,25E-05 2,64E-04 unknown protein 153 
AT2G43590 1,1538 6,2958 1,68E-13 1,61E-11 Chitinase family protein 154 
AT4G13680 1,1516 -0,0465 9,14E-06 2,00E-04 Protein of unknown function (DUF295) 155 
  6
AT5G63090 1,1422 0,7759 2,46E-07 8,38E-06 LATERAL ORGAN BOUNDARIES (LOB) 156 
AT5G60520 1,1360 2,5943 9,96E-16 1,33E-13 Late embryogenesis abundant (LEA) protein-related 157 
AT1G13330 1,1330 1,0768 1,18E-09 6,45E-08 Arabidopsis Hop2 homolog (AHP2) 158 
AT1G03660 1,1276 -0,4460 6,79E-05 1,14E-03 Ankyrin-repeat containing protein 159 
AT3G62270 1,1246 5,8965 2,87E-11 2,01E-09 HCO3- transporter family 160 
AT1G52770 1,1192 0,4271 4,09E-07 1,31E-05 Phototropic-responsive NPH3 family protein 161 
AT1G24095 1,1189 2,1256 6,03E-15 7,11E-13 Putative thiol-disulphide oxidoreductase DCC 162 
AT1G43910 1,1135 2,4765 3,53E-15 4,38E-13 P-loop containing nucleoside triphosphate hydrolases superfamily protein 163 
AT1G19630 1,0978 0,4228 5,04E-07 1,58E-05 cytochrome P450, family 722, subfamily A, polypeptide 1 (CYP722A1) 164 
AT4G16240 1,0960 -0,2926 1,02E-04 1,62E-03 unknown protein 165 
AT3G49580 1,0863 4,2018 1,16E-13 1,14E-11 RESPONSE TO LOW SULFUR 1 (LSU1) 166 
AT4G16563 1,0837 3,0586 3,32E-14 3,46E-12 Eukaryotic aspartyl protease family protein 167 
AT1G69310 1,0802 3,6718 2,17E-22 5,25E-20 WRKY DNA-binding protein 57 (WRKY57) 168 
AT5G20820 1,0797 0,2187 2,89E-06 7,37E-05 SAUR-like auxin-responsive protein family  169 
AT3G27630 1,0785 -0,8287 1,23E-03 1,20E-02 unknown protein 170 
AT3G15720 1,0762 1,5566 2,73E-11 1,92E-09 Pectin lyase-like superfamily protein 171 
AT4G14780 1,0761 0,2935 7,71E-06 1,73E-04 Protein kinase superfamily protein 172 
AT4G16600 1,0748 0,2866 3,06E-06 7,75E-05 Nucleotide-diphospho-sugar transferases superfamily protein 173 
AT4G23130 1,0697 -0,4296 5,99E-04 6,88E-03 cysteine-rich RLK (RECEPTOR-like protein kinase) 5 (CRK5) 174 
AT2G18600 1,0673 1,6474 2,32E-11 1,64E-09 Ubiquitin-conjugating enzyme family protein 175 
AT5G13330 1,0615 2,6651 4,88E-16 6,79E-14 related to AP2 6l (Rap2.6L) 176 
AT3G62460 1,0506 3,4776 2,44E-12 1,99E-10 Putative endonuclease or glycosyl hydrolase 177 
AT3G13210 1,0443 -0,3164 1,62E-04 2,37E-03 crooked neck protein, putative / cell cycle protein, putative 178 
AT3G61630 1,0412 3,6366 2,21E-20 4,61E-18 cytokinin response factor 6 (CRF6) 179 
AT5G39580 1,0361 2,8709 1,74E-13 1,65E-11 Peroxidase superfamily protein 180 
AT5G18180 1,0347 -0,6141 5,93E-04 6,82E-03 H/ACA ribonucleoprotein complex, subunit Gar1/Naf1 protein 181 
AT3G28500 1,0311 -0,4333 2,18E-04 3,03E-03 60S acidic ribosomal protein family 182 
AT3G05660 1,0295 0,9974 5,07E-08 2,04E-06 receptor like protein 33 (RLP33) 183 
AT5G60040 1,0288 4,3056 4,74E-27 1,66E-24 nuclear RNA polymerase C1 (NRPC1) 184 
AT3G44300 1,0195 6,4975 2,95E-26 9,93E-24 nitrilase 2 (NIT2) 185 
AT5G19880 1,0158 0,1457 7,14E-05 1,19E-03 Peroxidase superfamily protein 186 
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AT4G22710 1,0111 0,7508 7,39E-07 2,22E-05 cytochrome P450, family 706, subfamily A, polypeptide 2 (CYP706A2) 187 
AT1G20620 1,0100 10,4325 4,03E-24 1,11E-21 catalase 3 (CAT3) 188 
AT2G36270 1,0057 0,3976 4,88E-06 1,17E-04 ABA INSENSITIVE 5 (ABI5) 189 
AT5G52940 1,0028 0,8410 3,51E-07 1,15E-05 Protein of unknown function (DUF295) 190 
AT4G20235 -1,0020 -0,8017 1,91E-03 1,69E-02 cytochrome P450, family 71, subfamily A, polypeptide 28 (CYP71A28) 191 
AT5G53380 -1,0025 -0,8501 2,19E-03 1,89E-02 O-acyltransferase (WSD1-like) family protein 192 
AT4G04700 -1,0048 1,3951 6,54E-09 3,13E-07 calcium-dependent protein kinase 27 (CPK27) 193 
AT1G24130 -1,0048 -0,0500 2,61E-04 3,54E-03 Transducin/WD40 repeat-like superfamily protein 194 
AT1G12570 -1,0092 2,2742 7,33E-11 4,85E-09 Glucose-methanol-choline (GMC) oxidoreductase family protein 195 
AT1G14220 -1,0100 0,3891 4,83E-06 1,16E-04 Ribonuclease T2 family protein 196 
AT5G38710 -1,0203 1,8201 1,42E-11 1,06E-09 Methylenetetrahydrofolate reductase family protein 197 
AT3G29630 -1,0206 1,5082 1,25E-09 6,78E-08 UDP-Glycosyltransferase superfamily protein 198 
AT4G12520 -1,0207 2,5350 2,07E-12 1,71E-10 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein 199 
AT3G12460 -1,0216 -0,6949 1,64E-03 1,51E-02 Polynucleotidyl transferase, ribonuclease H-like superfamily protein 200 
AT3G13610 -1,0229 5,8197 2,13E-23 5,49E-21 2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase superfamily protein 201 
AT5G67090 -1,0235 0,3223 5,45E-06 1,28E-04 Subtilisin-like serine endopeptidase family protein 202 
AT3G45430 -1,0283 1,3272 9,13E-10 5,13E-08 Concanavalin A-like lectin protein kinase family protein 203 
AT5G59360 -1,0294 0,7129 3,15E-07 1,03E-05 unknown protein 204 
AT5G65030 -1,0298 -0,0636 1,20E-04 1,84E-03 unknown protein 205 
AT5G45960 -1,0312 1,1336 1,12E-08 5,14E-07 GDSL-like Lipase/Acylhydrolase superfamily protein 206 
AT3G05155 -1,0320 0,0818 1,38E-05 2,89E-04 Major facilitator superfamily protein 207 
AT5G10946 -1,0328 0,7462 4,04E-07 1,30E-05 unknown protein 208 
AT5G53250 -1,0341 3,3419 2,62E-13 2,44E-11 arabinogalactan protein 22 (AGP22) 209 
AT5G18050 -1,0344 0,9515 1,41E-07 5,08E-06 SAUR-like auxin-responsive protein family  210 
AT3G09960 -1,0387 0,3340 3,35E-06 8,38E-05 Calcineurin-like metallo-phosphoesterase superfamily protein 211 
AT5G62340 -1,0392 2,5366 7,04E-12 5,47E-10 Plant invertase/pectin methylesterase inhibitor superfamily protein 212 
AT5G39110 -1,0473 -0,8864 1,68E-03 1,54E-02 RmlC-like cupins superfamily protein 213 
AT2G43440 -1,0510 -0,1713 3,59E-05 6,63E-04 F-box and associated interaction domains-containing protein 214 
AT5G40990 -1,0515 -0,5197 3,79E-04 4,76E-03 GDSL lipase 1 (GLIP1) 215 
AT2G18800 -1,0536 1,7143 8,47E-12 6,49E-10 xyloglucan endotransglucosylase/hydrolase 21 (XTH21) 216 
AT4G04760 -1,0573 -0,7666 1,62E-03 1,50E-02 Major facilitator superfamily protein 217 
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AT3G09400 -1,0574 0,1178 2,78E-05 5,29E-04 pol-like 3 (PLL3) 218 
AT5G46900 -1,0582 4,0158 7,05E-25 2,13E-22 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein 219 
AT5G42510 -1,0587 1,2436 7,50E-08 2,89E-06 Disease resistance-responsive (dirigent-like protein) family protein 220 
AT2G41480 -1,0594 2,4384 9,87E-15 1,11E-12 Peroxidase superfamily protein 221 
AT1G18970 -1,0594 3,4860 2,47E-22 5,90E-20 germin-like protein 4 (GLP4) 222 
AT2G24310 -1,0649 -0,5752 8,13E-04 8,72E-03 unknown protein 223 
AT3G55900 -1,0673 -0,6467 5,24E-04 6,19E-03 F-box family protein 224 
AT1G16530 -1,0693 1,6295 3,67E-11 2,52E-09 ASYMMETRIC LEAVES 2-like 9 (ASL9) 225 
AT3G47220 -1,0705 0,9287 1,45E-08 6,59E-07 phosphatidylinositol-speciwc phospholipase C9 (PLC9) 226 
AT5G63140 -1,0714 2,3215 5,80E-14 5,86E-12 purple acid phosphatase 29 (PAP29) 227 
AT2G38995 -1,0746 2,4936 1,88E-14 2,03E-12 O-acyltransferase (WSD1-like) family protein 228 
AT2G04800 -1,0777 1,4511 4,48E-10 2,64E-08 unknown protein 229 
ATCG00810 -1,0798 -0,6254 3,88E-04 4,85E-03 ribosomal protein L22 (RPL22) 230 
AT3G52770 -1,0801 -0,1099 5,67E-05 9,76E-04 LITTLE ZIPPER 3 (ZPR3) 231 
AT2G40960 -1,0811 3,1766 2,81E-21 6,32E-19 Single-stranded nucleic acid binding R3H protein 232 
AT1G63520 -1,0821 0,2984 8,90E-06 1,96E-04 Protein of unknown function (DUF3527) 233 
AT1G17147 -1,0842 1,5033 1,37E-11 1,02E-09 VQ motif-containing protein 234 
AT5G49780 -1,0851 0,9635 7,15E-09 3,39E-07 Leucine-rich repeat protein kinase family protein 235 
AT3G29430 -1,0854 -0,4161 1,31E-04 1,98E-03 Terpenoid synthases superfamily protein 236 
AT2G18470 -1,0917 1,3664 2,85E-10 1,74E-08 roline-rich extensin-like receptor kinase 4 (PERK4) 237 
AT5G43230 -1,0967 0,2060 3,16E-06 7,94E-05 unknown protein 238 
AT5G42600 -1,1031 4,0057 1,20E-25 3,75E-23 marneral synthase (MRN1) 239 
AT2G18690 -1,1115 2,5207 3,30E-11 2,28E-09 unknown protein 240 
AT1G52890 -1,1122 -0,1563 5,44E-05 9,45E-04 NAC domain containing protein 19 (NAC019) 241 
AT1G28480 -1,1153 -0,0084 1,06E-05 2,28E-04 GRX480 242 
AT5G57010 -1,1195 1,2466 1,58E-10 9,93E-09 calmodulin-binding family protein 243 
AT5G65690 -1,1237 1,1879 7,40E-10 4,20E-08 phosphoenolpyruvate carboxykinase 2 (PCK2) 244 
AT1G66090 -1,1266 0,0648 2,24E-05 4,38E-04 Disease resistance protein (TIR-NBS class) 245 
AT2G30432 -1,1268 0,0545 5,20E-06 1,23E-04 TRICHOMELESS1 (TCL1) 246 
AT3G48940 -1,1283 -1,0066 2,29E-03 1,95E-02 Remorin family protein 247 
AT3G19615 -1,1319 -0,7102 1,54E-04 2,27E-03 unknown protein 248 
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AT1G10340 -1,1382 0,1564 4,20E-06 1,03E-04 Ankyrin repeat family protein 249 
AT5G56970 -1,1425 -1,0816 3,63E-03 2,76E-02 cytokinin oxidase 3 (CKX3) 250 
AT1G66270 -1,1439 6,4364 1,49E-37 1,04E-34 BGLU21 251 
AT1G26380 -1,1446 2,2712 2,99E-14 3,16E-12 FAD-binding Berberine family protein 252 
AT3G22910 -1,1472 -0,0154 5,63E-06 1,31E-04 ATPase E1-E2 type family protein / haloacid dehalogenase-like hydrolase family protein 253 
AT4G36880 -1,1490 2,0825 7,32E-15 8,49E-13 cysteine proteinase1 (CP1) 254 
AT1G13550 -1,1502 -1,1018 1,95E-03 1,72E-02 Protein of unknown function (DUF1262) 255 
AT4G23493 -1,1506 0,4891 1,65E-07 5,79E-06 unknown protein 256 
AT5G49770 -1,1506 0,1634 1,87E-06 5,03E-05 Leucine-rich repeat protein kinase family protein 257 
AT2G01520 -1,1556 7,6398 3,15E-21 7,01E-19 owering. 258 
AT5G51470 -1,1582 -0,5327 1,68E-04 2,44E-03 Auxin-responsive GH3 family protein 259 
AT2G38600 -1,1589 -0,0932 4,35E-06 1,06E-04 HAD superfamily, subfamily IIIB acid phosphatase  260 
AT3G01260 -1,1596 3,5702 2,53E-28 9,74E-26 Galactose mutarotase-like superfamily protein 261 
ATCG00800 -1,1698 0,0952 1,64E-06 4,50E-05 RESISTANCE TO PSEUDOMONAS SYRINGAE 3 (RPS3) 262 
AT1G62280 -1,1709 1,8365 6,13E-12 4,81E-10 SLAC1 homologue 1 (SLAH1) 263 
AT5G38970 -1,1790 0,1946 1,60E-06 4,42E-05 brassinosteroid-6-oxidase 1 (BR6OX1) 264 
AT1G15050 -1,1829 -0,8399 5,01E-04 5,96E-03 indole-3-acetic acid inducible 34 (IAA34) 265 
AT5G23030 -1,1839 -0,3150 9,72E-06 2,11E-04 tetraspanin12 (TET12) 266 
AT1G63295 -1,1839 1,2409 1,44E-10 9,16E-09 Remorin family protein 267 
AT4G24340 -1,1846 1,9909 1,19E-14 1,32E-12 Phosphorylase superfamily protein 268 
AT1G21550 -1,1850 0,0975 2,76E-06 7,06E-05 Calcium-binding EF-hand family protein 269 
AT5G47450 -1,1934 3,6940 8,37E-12 6,43E-10 TONOPLAST INTRINSIC PROTEIN 2;3 (TIP2;3) 270 
AT1G29270 -1,1950 -0,2486 2,03E-05 4,02E-04 unknown protein 271 
AT3G45860 -1,1950 0,7122 6,80E-09 3,24E-07 cysteine-rich RLK (RECEPTOR-like protein kinase) 4 (CRK4) 272 
AT4G15480 -1,1951 0,5771 2,52E-08 1,08E-06 UGT84A1 273 
AT5G59680 -1,2039 1,7169 1,47E-14 1,61E-12 Leucine-rich repeat protein kinase family protein 274 
AT4G01895 -1,2077 -0,6976 1,77E-04 2,54E-03 systemic acquired resistance (SAR) regulator protein NIMIN-1-related 275 
AT3G55890 -1,2153 0,7965 3,44E-09 1,74E-07 Yippee family putative zinc-binding protein 276 
AT5G13320 -1,2206 2,2826 1,53E-16 2,24E-14 AVRPPHB SUSCEPTIBLE 3 (PBS3) 277 
AT5G25250 -1,2219 1,7383 5,69E-15 6,76E-13 SPFH/Band 7/PHB domain-containing membrane-associated protein family 278 
AT1G66020 -1,2270 0,4517 2,04E-08 8,94E-07 Terpenoid cyclases/Protein prenyltransferases superfamily protein 279 
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AT4G37060 -1,2279 -1,0030 4,70E-04 5,66E-03 PATATIN-like protein 5 (PLP5) 280 
AT1G19510 -1,2371 -1,0787 1,69E-03 1,55E-02 RAD-like 5 (RL5) 281 
AT4G40020 -1,2437 -0,0582 1,63E-06 4,49E-05 Myosin heavy chain-related protein 282 
AT4G26320 -1,2468 2,8844 1,31E-09 7,09E-08 arabinogalactan protein 13 (AGP13) 283 
AT1G05650 -1,2481 1,2816 5,89E-11 3,94E-09 Pectin lyase-like superfamily protein 284 
AT2G24850 -1,2561 -0,3611 4,37E-06 1,06E-04 tyrosine aminotransferase 3 (TAT3) 285 
AT1G65680 -1,2579 -1,0713 1,70E-03 1,56E-02 expansin B2 (EXPB2) 286 
AT1G53625 -1,2616 1,9558 3,32E-13 3,04E-11 unknown protein 287 
AT2G31083 -1,2649 -0,2696 4,02E-06 9,85E-05 CLAVATA3/ESR-RELATED 5 (CLE5) 288 
AT5G02540 -1,2678 2,3772 4,36E-20 8,64E-18 NAD(P)-binding Rossmann-fold superfamily protein 289 
AT1G73330 -1,2697 8,5723 1,56E-27 5,56E-25 drought-repressed 4 (DR4) 290 
AT4G21380 -1,2715 1,8533 3,47E-15 4,36E-13 receptor kinase 3 (RK3) 291 
AT5G39120 -1,2834 -0,2125 1,51E-06 4,23E-05 RmlC-like cupins superfamily protein 292 
AT5G14470 -1,2859 -0,8977 2,59E-04 3,52E-03 GHMP kinase family protein 293 
AT4G12545 -1,2905 3,2621 3,12E-26 1,02E-23 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein 294 
AT1G52800 -1,2947 1,0146 1,83E-11 1,33E-09 2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase superfamily protein 295 
AT5G23990 -1,2987 3,5405 8,78E-31 4,41E-28 ferric reduction oxidase 5 (FRO5) 296 
AT1G67980 -1,2987 -0,2667 1,88E-05 3,80E-04 caffeoyl-CoA 3-O-methyltransferase (CCOAMT) 297 
AT5G65600 -1,2997 -0,2630 1,40E-06 3,95E-05 Concanavalin A-like lectin protein kinase family protein 298 
AT4G22212 -1,3105 2,2161 1,21E-18 2,08E-16 Arabidopsis defensin-like protein 299 
AT5G23830 -1,3109 4,0591 1,28E-27 4,75E-25 MD-2-related lipid recognition domain-containing protein 300 
AT2G15220 -1,3116 4,1452 2,29E-29 9,96E-27 Plant basic secretory protein (BSP) family protein 301 
AT1G63450 -1,3137 0,4091 4,06E-09 2,02E-07 root hair specific 8 (RHS8) 302 
AT5G65340 -1,3171 -0,7314 6,60E-05 1,12E-03 Protein of unknown function, DUF617 303 
AT5G35480 -1,3264 0,4694 6,73E-10 3,84E-08 unknown protein 304 
AT4G25510 -1,3361 -0,9906 7,72E-05 1,28E-03 unknown protein 305 
ATCG01020 -1,3397 -0,6836 6,41E-06 1,47E-04 ribosomal protein L32 (RPL32) 306 
AT1G01380 -1,3410 0,0404 4,77E-08 1,93E-06 ENHANCER OF TRY AND CPC 1 (ETC1) 307 
AT2G19500 -1,3413 0,3691 1,16E-08 5,30E-07 cytokinin oxidase 2 (CKX2) 308 
AT4G12550 -1,3504 4,0289 3,15E-29 1,32E-26 Auxin-Induced in Root cultures 1 (AIR1) 309 
AT3G21800 -1,3519 -0,7510 6,08E-05 1,04E-03 UDP-glucosyl transferase 71B8 (UGT71B8) 310 
  11
AT4G07960 -1,3583 0,7383 2,13E-11 1,53E-09 Cellulose-synthase-like C12 (CSLC12) 311 
AT5G09730 -1,3663 0,4021 5,80E-09 2,80E-07 beta-xylosidase 3 (BXL3) 312 
AT3G47480 -1,3676 0,6708 7,87E-11 5,19E-09 Calcium-binding EF-hand family protein 313 
AT2G16230 -1,3677 -0,3527 4,97E-06 1,19E-04 O-Glycosyl hydrolases family 17 protein 314 
AT5G35940 -1,3693 0,2423 3,80E-08 1,56E-06 Mannose-binding lectin superfamily protein 315 
AT3G19320 -1,3708 0,1317 1,67E-08 7,48E-07 Leucine-rich repeat (LRR) family protein 316 
AT1G13510 -1,3778 1,0620 1,76E-13 1,67E-11 Protein of unknown function (DUF1262) 317 
AT2G46495 -1,3789 1,4571 7,31E-16 9,81E-14 RING/U-box superfamily protein 318 
AT5G46890 -1,3834 3,9260 5,00E-30 2,23E-27 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein 319 
AT2G28210 -1,3864 0,3070 1,23E-09 6,71E-08 alpha carbonic anhydrase 2 (ACA2) 320 
AT5G02170 -1,3902 1,4776 6,93E-17 1,05E-14 Transmembrane amino acid transporter family protein 321 
AT2G02300 -1,3947 -0,9436 1,21E-04 1,86E-03 phloem protein 2-B5 (PP2-B5) 322 
AT3G55910 -1,3987 -0,5078 5,61E-06 1,31E-04 unknown protein 323 
AT1G77520 -1,4010 3,6112 1,36E-27 4,94E-25 O-methyltransferase family protein 324 
AT5G39000 -1,4076 -0,7000 1,38E-05 2,88E-04 Malectin/receptor-like protein kinase family protein 325 
AT5G39670 -1,4121 1,2667 1,45E-15 1,88E-13 Calcium-binding EF-hand family protein 326 
AT1G27140 -1,4190 2,4551 6,80E-24 1,85E-21 glutathione S-transferase tau 14 (GSTU14) 327 
AT3G27940 -1,4210 -0,8901 4,57E-05 8,16E-04 LOB domain-containing protein 26 (LBD26) 328 
AT1G18990 -1,4400 -0,6674 7,09E-06 1,62E-04 Protein of unknown function, DUF593 329 
AT3G02850 -1,4428 1,4973 2,53E-17 4,00E-15 SKOR, a member of Shaker family potassium ion (K+) channel 330 
AT5G53200 -1,4535 0,5258 8,40E-10 4,73E-08 TRIPTYCHON (TRY) 331 
AT1G36622 -1,4614 0,6185 2,05E-11 1,48E-09 unknown protein 332 
AT3G62760 -1,4667 1,1924 4,58E-13 4,12E-11 GSTF13 333 
AT1G09240 -1,4684 0,1296 4,40E-09 2,17E-07 nicotianamine synthase 3 (NAS3) 334 
AT3G13784 -1,4757 2,5095 3,79E-26 1,22E-23 cell wall invertase 5 (CWINV5) 335 
AT5G23780 -1,4811 -0,7783 4,47E-05 8,01E-04 DOMAIN OF UNKNOWN FUNCTION 724 9 (DUF9) 336 
AT4G10310 -1,4845 2,5781 2,00E-19 3,67E-17 high-affinity K+ transporter 1 (HKT1) 337 
AT1G13520 -1,4874 2,4387 2,26E-20 4,67E-18 Protein of unknown function (DUF1262) 338 
AT2G24720 -1,4973 0,5066 9,47E-11 6,19E-09 glutamate receptor 2.2 (GLR2.2) 339 
AT1G74080 -1,5010 -0,6139 3,15E-06 7,94E-05 myb domain protein 122 (MYB122) 340 
AT3G12240 -1,5059 -0,5085 2,38E-06 6,24E-05 serine carboxypeptidase-like 15 (SCPL15) 341 
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AT5G45000 -1,5101 -0,1424 9,74E-08 3,63E-06 Disease resistance protein (TIR-NBS-LRR class) family 342 
AT4G12510 -1,5108 1,7979 3,30E-21 7,19E-19 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein 343 
AT3G26610 -1,5109 1,6467 2,13E-19 3,88E-17 Pectin lyase-like superfamily protein 344 
AT3G46300 -1,5112 -0,7070 3,32E-06 8,30E-05 unknown protein 345 
AT5G26920 -1,5170 3,0398 7,13E-17 1,07E-14 CAM-BINDING PROTEIN 60-LIKE G (CBP60G) 346 
AT1G60470 -1,5171 2,8804 8,62E-20 1,63E-17 galactinol synthase 4 (GolS4) 347 
AT5G37478 -1,5176 -0,7532 8,32E-06 1,84E-04 TPX2 (targeting protein for Xklp2) protein family 348 
AT5G25260 -1,5268 1,2281 1,36E-13 1,32E-11 SPFH/Band 7/PHB domain-containing membrane-associated protein family 349 
AT5G54190 -1,5335 3,6517 2,09E-32 1,17E-29 protochlorophyllide oxidoreductase A (PORA) 350 
AT1G06310 -1,5358 -0,5068 8,85E-07 2,60E-05 acyl-CoA oxidase 6 (ACX6) 351 
AT3G55710 -1,5371 3,5858 7,01E-43 6,24E-40 UDP-Glycosyltransferase superfamily protein 352 
AT1G04660 -1,5396 0,0637 2,17E-08 9,47E-07 glycine-rich protein 353 
AT2G29130 -1,5398 1,4243 3,01E-19 5,36E-17 laccase 2 (LAC2) 354 
AT1G08090 -1,5427 2,3119 1,27E-14 1,41E-12 nitrate transporter 2:1 (NRT2:1) 355 
AT3G17520 -1,5442 -0,6028 2,57E-06 6,65E-05 Late embryogenesis abundant protein (LEA) family protein 356 
AT4G04990 -1,5648 1,9176 1,85E-16 2,69E-14 Protein of unknown function (DUF761) 357 
AT5G44120 -1,5685 -0,3150 1,62E-03 1,50E-02 CRUCIFERINA (CRA1) 358 
AT2G30750 -1,6009 5,6456 1,80E-34 1,18E-31 cytochrome P450, family 71, subfamily A, polypeptide 12 (CYP71A12) 359 
AT2G23270 -1,6354 -0,6232 1,19E-06 3,41E-05 unknown protein 360 
AT5G62420 -1,6677 0,0531 3,12E-10 1,87E-08 NAD(P)-linked oxidoreductase superfamily protein 361 
AT5G23840 -1,6721 1,8956 2,35E-26 8,09E-24 MD-2-related lipid recognition domain-containing protein 362 
AT5G48430 -1,6750 2,5495 1,58E-22 3,87E-20 Eukaryotic aspartyl protease family protein 363 
AT1G47890 -1,6858 -0,4473 1,97E-08 8,67E-07 receptor like protein 7 (RLP7) 364 
AT1G06923 -1,6951 -0,9855 3,28E-06 8,22E-05 Similar to: ovate family protein 17 365 
AT3G16670 -1,6985 4,2932 1,63E-31 8,61E-29 Pollen Ole e 1 allergen and extensin family protein 366 
AT1G26410 -1,7207 1,7210 8,40E-13 7,32E-11 FAD-binding Berberine family protein 367 
AT4G14630 -1,7369 3,4311 1,06E-23 2,84E-21 germin-like protein 9 (GLP9) 368 
AT5G48400 -1,8203 0,3353 9,70E-15 1,11E-12 ATGLR1.2 369 
AT3G62950 -1,8204 0,7386 5,07E-17 7,70E-15 Thioredoxin superfamily protein 370 
AT2G35980 -1,8565 1,8498 2,88E-31 1,48E-28 YELLOW-LEAF-SPECIFIC GENE 9 (YLS9) 371 
AT3G61390 -1,8581 0,5484 6,52E-16 8,94E-14 RING/U-box superfamily protein 372 
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AT4G33120 -1,8585 1,7435 2,41E-29 1,03E-26 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein 373 
AT3G06220 -1,8836 -0,9115 2,95E-07 9,74E-06 AP2/B3-like transcriptional factor family protein 374 
AT4G31970 -1,8911 2,3145 1,26E-10 8,07E-09 cytochrome P450, family 82, subfamily C, polypeptide 2 (CYP82C2) 375 
AT1G52790 -1,8948 -0,9856 6,69E-07 2,02E-05  contains PF03171 2OG-Fe(II) oxygenase superfamily domain 376 
AT1G53610 -1,9288 -1,1991 3,89E-06 9,58E-05 unknown protein 377 
AT3G21660 -1,9314 -0,4035 5,29E-10 3,08E-08 UBX domain-containing protein 378 
AT1G49030 -1,9358 -0,7558 1,05E-08 4,81E-07 PLAC8 family protein 379 
AT4G22214 -2,0124 1,4553 2,08E-30 9,79E-28 Defensin-like (DEFL) family protein 380 
AT5G49870 -2,0173 -1,0526 8,32E-08 3,17E-06 Mannose-binding lectin superfamily protein 381 
AT3G01175 -2,0224 -0,9018 2,24E-08 9,73E-07 Protein of unknown function (DUF1666) 382 
AT4G33720 -2,0302 0,3790 3,36E-04 4,33E-03 CAP (Cysteine-rich secretory proteins, Antigen 5, and Pathogenesis-related 1 protein) 383 
AT1G50930 -2,0389 -1,2092 1,08E-06 3,14E-05 unknown protein 384 
AT4G11170 -2,0556 0,5013 1,34E-18 2,28E-16 Disease resistance protein (TIR-NBS-LRR class) family 385 
AT2G19060 -2,0879 0,6011 1,15E-19 2,15E-17 SGNH hydrolase-type esterase superfamily protein 386 
AT1G13500 -2,1453 -1,2325 6,64E-07 2,01E-05 Protein of unknown function (DUF1262) 387 
AT4G15990 -2,1715 -0,3416 2,85E-12 2,30E-10 unknown protein 388 
AT1G77530 -2,2366 2,6955 1,52E-60 2,72E-57 O-methyltransferase family protein 389 
AT1G26390 -2,3131 3,7957 1,33E-17 2,17E-15 FAD-binding Berberine family protein 390 
AT1G52820 -2,3279 2,9611 1,72E-32 9,92E-30 2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase superfamily protein 391 
AT3G21460 -2,4625 0,0957 8,27E-19 1,43E-16 Glutaredoxin family protein 392 
AT5G38910 -2,6048 2,0703 7,04E-44 6,91E-41 RmlC-like cupins superfamily protein 393 
AT1G58320 -2,6543 0,7670 1,15E-30 5,62E-28 PLAC8 family protein 394 
AT1G05880 -2,6857 -1,1877 7,95E-09 3,71E-07 ARIADNE 12 (ARI12) 395 
AT5G06900 -3,6295 -0,5686 6,05E-20 1,17E-17 cytochrome P450, family 93, subfamily D, polypeptide 1 (CYP93D1) 396 
AT4G27570 -3,6929 -0,8894 3,07E-17 4,77E-15 UDP-Glycosyltransferase superfamily protein 397 
AT3G05950 -3,7672 -1,3139 2,96E-13 2,75E-11 RmlC-like cupins superfamily protein 398 
AT4G04950 -7,8621 4,2847 0,00E+00 0,00E+00 PICOT1 399 
FC, fold change; CPM, counts per million; FDR, false discovery rate 400 
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Table S2. Identification and annotation of detected purine metabolite peaks. 1 
 2 
Reporting metabolite data was presented according to the recommendation by Fernie et al., 2011 
Level Aspect Information Fill in
general aspect Type of metabolome analysis targeted metabolite analysis TRUE 
non-targeted metabolite class scale profiling FALSE 
non-targeted metabolome scale profiling FALSE 
non-targeted finger printing of mass features FALSE 
 
Type of 
quantification absolute or quantification Relative quantification 
 
Type of reference 
samples chemically defined standard reference compounds aquired in chemical companies 
biologically defined - 
Type of replication analytical (same analytical sample preparation) 1 
technological (same biological preparation) 1 
biological (same experimental condition) 5 
full experiment 10 
Type of technology reference publication Lisec et al (2006) 
Sample preparation   chemical derivatized 
method of chromatography/separation Lisec et al (2006) 
method of ionization - 70 MeVolt hard ionization 
method of detection electron impact ionization 
metabolite/mass 
feature Metabolite metabolite name see below 
metabolite sum formula see below 
  
metabolite structure and public source of 
metabolite identifier 
Metabolites were identified in comparison to database entries of authentic 
standards (Kopka et al., 2005; Schauer et al., 2005). 
Identification identification process manually supervized with Xculibar 
  
by authentic mass isotopomer added to one or 
all biological sample(s) FALSE 
  
by authentic reference compound within a co-
processed reference mixture FALSE 
  
by authentic reference compound previously 
mapped to the analytical system TRUE 
  reference library 
Metabolites were identified in comparison to spectrum of authentic standards 
analyzed with samples.
  2
type of mass spectrum  
  
by match of molecular mass (single mass 
fragment) YES 
by match of fragments YES
by match of fragmentation pattern YES 
type of retention index min/sec 
  
by match of retention time (index) to reference 
library FALSE 
Quantification type of quantification relative peak area quantification by internal standard and sample fresh weight 
Validity testing Recovery testing (chemical analog) not performed 
  
Recovery testing (internally added mass 
isotopomer) not performed 
  
Recovery testing (mixture of most divergent 
samples from the experiment) not performed 
Test for linear range  not performed 
Limit of quantification (LOQ) not performed 
    Limit of detection (LOD) not performed 
 
 
Experiment title: Metabolite profiles of Arabidopsis thaliana seedling, grxs mutant line 
 Organism/Plant species: Arabidopsis thaliana Organ/tissue: seedling 
Analytical tool: GC/TOF-MS 
Peak/compound no.- number of compound found 
Ret . Time- Time expected, Tag Time Index and Time deviation 
Putative Name- putative identification of the metabolite/derivative 
Corresponding metabolite name in literature 
Mol. Formula- molecular formula of the metabolite or its FA adduct; 
Mass to charge ratio (m/z) 
(S)- identification confirmed by a standard compound 
I, II, III- different isomers 
Identification level (A; B; C; D)- (A) standard or NMR; (B) MS/MS; (C) MSE; (D) MS only  
 
  3
Experiment title: Metabolite changes in grxs17 mutants 
 
Organism/Plant species: Arabidopsis thaliana 
Organ/tissue: seedlings 
Analytical tool: GC-TOF-MS 
Peak/compound no.- number referenced back to the main text  
 
Ret . Time- Time expected, Tag Time Index and Time deviation 
Putative Name- putative identification of the metabolite/derivative 
Corresponding metabolite name in literature 
Mol. Formula- molecular formula of the metabolite or its FA adduct; 
Mass to charge ratio (m/z) 
(S)- identification confirmed by a standard compound
I, II, III- different isomers 
Identification level (A; B; C; D)- (A) standard or NMR; (B) MS/MS; (C) MSE; (D) MS only  
Peak/Compound no. Time Expected (min) Putative metabolite name Mol formula g mol−1 Mass to charge ratio (m/z) 
Identification 
level (A-D) 
Peak no. 1 3,83 Urea CH4N2O 60,06 261 A 
Peak no. 2 5,49 Allantoic acid  C4H8N4O4 176,13 189 A 
Peak no. 3 9,9 Allantoin C4H6N4O3 158,12 188 A 
Peak no. 4 10,68 Hypoxanthine C5H4N4O 136,11 192 A 
Peak no. 5 12,01 Uric acid C5H4N4O3 168,11 441 A 
Peak no. 6 12,05 Xanthine C5H4N4O2 152,11 353 A 
Peak no. 7 15,09 Xanthosine C10H12N4O6 284,23 245 A 
 3 
 1 
 
Table S3. Primers used in this study. 1 
For cloning 2 
attB1-GRXS17 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAGCGGTACGGTGAAG-3’ 3 
attB2-GRXS17 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCTCMCTCGGATAGAGTTGCTTTG-3’ 4 
attB1-AtDRE2 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGATTCGATGATGAATCA-3’ 5 
attB2-AtDRE2 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCTCMTATGTCAGCTTCAAGGAA-3’ 6 
attB1 AtXDH1 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGGTTCACTGAAAAAGG-3’ 7 
attB2 AtXDH1 5’-8 
GGGGACCACTTTGTACAAGAAAGCTGGGTCTCMAACACTAAGATTAGGGTAGAAATC-3’ 9 
attB1-CTU1 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGAGGCCAAGAAC-3’ 10 
attB2-CTU1 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCTCMGAAATCCAGAGATCC-3’ 11 
attB1-CTU2 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGCTTGTAATTCCTC-3’ 12 
attB2-CTU2 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCTCMGACAACCTCTTCATC-3’ 13 
For genotyping 14 
SALK_021301 grxs17-1-F 5’-CTTTCGCATTCTCCTTCACAG-3’ 15 
SALK_021301 grxs17-1-R 5’-CCTTCTCCCTCTTCGAAGATG-3’ 16 
LB SALK T-DNA primer 5’-ATTTTGCCGATTTCGGAAC-3’ 17 
GK_709D04 rol5-2-F 5’-TCGTCGGAGTTGGATCAATAG-3’ 18 
GK_709D04 rol5-2-R 5’-TGGAGAAGTAATCCAGCTTCTTG-3’ 19 
GK_686B10 ctu2-2-F 5’-CTTCGACGATGGAAGATTCTG-3’ 20 
GK_686B10 ctu2-2-R 5’-TCGAAGTGGAAGTACAATGGG-3’ 21 
GK-555H06 elo3-6-F 5’-ACCGTAAATCAGCATTTGTCG-3’ 22 
GK-555H06 elo3-6-R 5’-TGGGGTTTAGGTAGTTTTGGG-3’ 23 
GK T-DNA primer (LB) 5’-CCCATTTGGACGTGAATGTAGACA-3’C 24 
For qRT-PCR 25 
GRXS17-F 5’-CGCCAAGGCCTTAAAGTGTA-3’ 26 
GRXS17-R 5’-CATAAGCTCGCCTTTCACG-3’ 27 
PARP2-F 5’-ATGGCGTTCTGCTCCTCTGC-3’ 28 
PARP2-R 5’-GGTGCTGTTTTCCCCACACC-3’ 29 
AT1G36180 ACC2-F 5’-CATGGAGTGGTTCCCATGTT-3’ 30 
AT1G36180 ACC2-R 5’-CCTCGGGGACAGTTACCA-3’ 31 
AT2G18193-F 5’-TCACCCTCAAAACCTTCCTG-3’ 32 
AT2G18193-R 5’-TTCCATATGCCTGCACTGTC-3’ 33 
AT5G24280 GMI1-F 5’-ATACGTCTTGATGACGGTTCTG-3’ 34 
AT5G24280 GMI1-R 5’-CGGTGTCAAATCCCACAAGT-3’ 35 
AT5G60250 C3H4-F 5’-TCTTATCCGATTTTCCAATACGTC-3’ 36 
AT5G60250 C3H4-R 5’-TGTTGCATGATGCTTTGAAGA-3’ 37 
AT2G04050 DTX3-F  5’-CCACAATGGTGAGCTCCAG-3’ 38 
AT2G04050 DTX3-R  5’-CACCCGCTAACCCAAACA-3’ 39 
AT3G01600 NAC044-F 5’-TCACCCTCAAAACCTTCCTG-3’ 40 
AT3G01600 NAC044-R 5’-TTCCATATGCCTGCACTGTC-3’ 41 
 42 
